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FOREWORD 


This document describes the work conducted and completed by the Commercial Products , 
Division, Pratt &. Whitney Aircraft Group of United Technologies Corporation during Phase 
III of the Kxperimcntal Clean CombustorProgram. This final report was prepared for the 
National Aeronautics and Space Administration Lewis Research Center in compliance with 
the requirements of Contract NAS3-I9447. 

The authors of this report wish to acknowledge the guidance and assistance of Mr. Richard 
Niedzwiccki, NASA Project Manager of the lixperimental Clean Combustor Program. Ap- 
preciation is also expressed for the contributions made by Mr. G. U. Parks and his Engine 
Test Group, Mr. J. R. Baker and Mr. D. A. Mickey of the Advanced Controls Group, and Mr 
S. J. Markowski who originally conceived the Vorbix concept at Pratt & Whitney Aircraft. 
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SUMMARY 


I Ik* l•X[H■|•illK■l 1 (:ll rii'iiii ('oiiilnislcn l’ioj>i:im was din-i U'd (owaiil Hk’ (kwi'loiHiu’iil and ox- 
IK’iiif.L'Hta! ('ii)’im' ovaliialinii <t| Hu- ii-i Itixiloj-y ivt|iiiiod In lotliia' judliilaid oinissioiis foi 
holh oiiitvnl and hilmv jsis liirhim* oiigiiio ooinhiislors, riio projiram was comlm lotl in (liivo, 
phaso.s. 1‘liaso I involves! cxpcrinK'idal lin .st ivi’iiiti}! <d Comhuslor (.-oiKrids (o idnKily (lio 
host appioiK'lios lor ivdiioinn emission levels, I'liase li eoiisisled ol' evaliialion and ivrinenient 
of IIk' he.st Iwo eomlmslor eoneepis idenlilied in I’liase I. I•;mph!^sis was placed on docuincn- 
(alion of emission eliaraelerislies over Ihe I'nll range ofoperaliny eondiliifiis and ileveiopmenl 
(d salislaelory eomlnisliir periorinanee. A fuel eonirol design sindy was eondiieled (o eslali- 
lisli rnel maiiagemeni re(|tiireinenls for iwo stage eomlmslors. I'hase 111, which is (he snhjecl 
ol (his report, consisted of riill-scale engine tests ol'tlie Vorhix eomlnistor. 

1 he I’ha.se III program gaseous emission goals are the integrated Id’A parameter 1970 stan- 
dards. (’ompared with (he current production J'!7I)-7A engine, attainment ofthe program 
goals repre.sented a significant reduction in pollutants, ranging from to 9.^ percent. 

I he engine with tiie Vorhix combustor installed tlemonstraleil emissions of oxides of nitro- 
gen that were 10 percent below the goal. emi.s.dons of carbon monoxide that were 2b per- 
cent below (he goal, and emissions of total unlnirned hytirocarbons that were 7.S percent 
below the goal. Relative to (he current production J r9|)-7A combustor, these emksions 
levels represent a reduction ol 5H [K'leent for oxides of nitrogen, a reduction of b9 percent 
for carbon monoxide, and a reduction of 9b percent ( )r total unlnirned hydrocarbons. How- 
ever. thesi leelue (ie)ns were acce)in|)anieei by a eoiisielerable increase in smoke level which was 
approximately .‘SO percent over the standard level. 

Ihe engine, with tile vorhix coinbusten' installeel, perlenined satisfactorily over the entire 
operating range, including 100 percent takeott thrust levels, I’erformance in several asj'ects. 
was not as good as the production engine. I he acceleration rate from (light idle met '.he ap- 
plicable I ’AA standard of live second.s, but exceeded (he acceleration time for the produc- 
tion engine ol approximately three seconds. In addition, (lie starting characteristics with (he 
Vorbix combustor were poorer, refpiiring approximately twice the fuel-air ratio ofthe pro- 
duction combustor. 

( ombustor pressure loss was essentially the same as (hat for the production combustor, riie 
exit (einperature pattern lactor for the Vorbix combustor was also essentially (he same as 
that for the production combu.stor. but diil not meet (he program goal which was set apj.iuxi- 
niately 40 percent losver. I lie Voibix combu.stor ettieiency was better than (he goal of 99 per- 
cent at all operating conditions, providing improved efficiency at idle conditions and essen- 
tially matching (he efficiency of (he production combustor at approach and high power con- 
dition.s. 

Ihe Vorbix combiistoi experienced some durability puiblems. particularly on (he main /one 
outei liner ilownstreani ol (he swirleis aiul on the pilot /one liner louver lips in the vicinity 
o( the throat. In addition, coking occurred on (he main /one iio//le tips and fuel nozzle sup- 
port internal [lassagcs. I•urther development ofthe deficient areas and additional (iiel system 
design work will be re.piired before Ihe Vorbix concept can be considered for production en- 
gine applications. 
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111 conjunction with the Phase 111 program, work wasperfonned on two addendums; Turbu- 
lence Characteristics of Compressor Discharge Flows and Evaluation of a Federal Aviation 
Administration (FAA) Exhaust Sampling Probe. Results of these programs are discussed in 
NASA Report NASA CR- 135277 and NASA CR-1 52213/FAA-RD-77-1 1 5, respectively. 
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INTRODUCTION 


This report describes the results of full-scale JT9D experimental engine tests conducted In 
Phase HI of the NASA/Pratt & Whitney Aircraft Experimental Clean Combustor Program 
(ECCP). The low pollution vorbix combustor, fuel system, and fuel control concepts were 
derived from earlier Phase 1 and Phase II programs in which several combustor concepts were 
evaluated, refined, and optimized in a component test rig. 

The concern with air quality in the vicinity of airports has led to the issuance ol emission 
standards by the U.S. Environmental Protection Agency for aircraft engines manufactured 
after January, 1979 {Reference 1 1 . These standards limit the emission of carbon monoxide 
(CO), total unburned hydrocarbons (THC), oxides of nitrogen (NO^), and smoke at altitudes 
under 914 meters (2998 ft.). Recently introduced gas turbine engines, such as the JT9D 
family, already meet the requirement for prodiu ing no visible smoke. However, compliance 
with the standards for the gaseous pollutants will require substantial improvements relative 
to current engine emission levels. 

The rudiments of pollution control arc understood. However, when incorporating pollu- 
tion reduction features, aircraft combustors must also accommodate a diversified range of 
factors that greatly add to the development complexity of a practical low-emission combus- 
tor system. Physical constraints on fuel vaporization, turbulent mixing rate, dilution air 
addition, and residence time impose absolute limits on the combustion process. Performance 
requirements for uniform exit temperature distribution, combustion stability, relight cajw- 
bility, durability, and operational safety must also be considered, l-urthennore, it is desir- 
able to maintain component weight, costs, and mechanical complexity at a minimum. 

Specific combustor-engine designs had not demonstrated the required pollutant reductions 
without compromising other pertormance parameters, indicating the need for adrlitional 
technology. In response to this need, the National Aeronautics and Space Administration 
(NASA) initiated the l-xpcrimental Clean Combustor Program in December, 1 972, to be 
conducted in three phases and culminating in demonstration testing of the single most 
promising combustor concept in a tull-scale J I9D engine. 

A summary t)f the program plan and goals ol the l'„xperimental t.lean Combustor I rogram 
is provided in Chapter I. C'hapter II contains a description of the reference engine (J19D- 
7A) and combustor used as a basis for the program work; a description of the Vorbix Com- 
bustor design, fuel system, and control tested in Phase 111: a description ol the experimental 
JT9D engine and lest installation; and a description of the test and analysis procedures. 

'I'he Phase 111 program results are presented in Chapter HI along with a summary ol the de- 
velopment statU'-. ('oncluding remarks are presented in Chapter IV. Additional inlorma- 
tion concerning ei|uipment and experimental procedures is contained in Appendix A. Ex- 
perimental data are tabulated in Appendix H. References are provided in Appendix C. 


CHAPTER 1 


EXPERIMENTAL CLEAN COMBUSTOB.PROGRAM DESCRIPTION 

A. GENERAL DESCRIPTION OF OVERALL PROGRAM 

The Experimental C'lean Combustor Program was a multi-year effort that was initiated in 
December, 1972 and completed in November, 1976. This major program was directed 
towards two primary objectives: 

1 . The generation of combustor system technology required to develop advanced com- 
mercial aircraft engines with lower exhaust pollutant emissions than those of current 
technology engines, and 

2. The demonstration of the pollutant emission reductions a:id acceptable performance 
in a full-scale engine in 1976. 

The program was aimed at generating technology primarily applicable to conventional take- 
off and landing (CTOL) type aircraft engines with high cycle pressure ratios in the range of 
20 to 35. While the technology generated should be applicable to all advanced engines in 
the large thrust category, design and development efforts were directed toward the Pratt & 
Wlntncy Aircraft JT9D-7 engine model. The technology will also provide the foundation 
for developing further refinements and for identifying other avenues for continued explora- 
tion and experimental research. 


B. PROGRAM PLAN 

The program was divided into three indivitlually funded phases which provided a step-by- 
step approach for developing the technology required for reducing emissions. 

1. PHASE I PROGRAM 

Phase I was directed toward identifying promising concepts, screening them, and establishing 
the design trends in sufficient detail to provide a firm basis for refinement of the more pro- 
mising concepts in Pha.se II. Three concepts were tested in a 90-dcgree sector component rig 
at simulated engine idle and sea level takeoff operating conditions. These were a Swirl-C'an 
combustor concept, a Staged Premix combustor concept, and a Swirl Vorbix combustor con- 
cept. Thirty-two configurations were evaluated. 

Concurrent with Phase 1, additional efforts were carried out in two addendums, an Advanced 
Supersonic rechnology (AS T) Addendum and a Combustion Noise Addendum. The objec- 
tive of the AS r Addendum was to evolve eombuslor design technology for reducing the 
NOjj emission levels of AS T engines at supersonic cruise operating conditions. I he purpose 
of the Combustion Noise Addendum was to obtain experimental data on the acoustic char- 
acteristics of low pollution combustors. 



Detailed descriptions and results ofPhasc 1 and tlie AST Addendum are contained m Rcter- 
cncc 2, Combustion Noise Addendum results arc presented in Reference 3. 

2. PHASE li PROGRAM 

The Phase II program involved refinement and optimization of the most promising concepts 
identified in Phase I. The concepts selected for Phase II were the Vorbix combustor and a 
Hybrid combustor created by merging the pilot zone of the Staged Prennx combustor with 
a main burning zone derived from the Swirl-Can combustor. More comprehensive sector ng 
testing simulating the full range of engine operating conditions was conducted to fully doc- 
ument pollutant emission characteristics, to identify previously undetected problem areas, 
and to assess combustor performance, After-initial testing, (he program was reduced to the 
Vorbix combustor concept and the remaining test effort was devoted to development of 
performance characteristics in preparation for the Phase III engine demonstration tests. A 
fuel control design study was also conducted to establish fuel management requirements 
for two-stage combustors. 

Concurrent with Phase 11, additional efforts are also carried out in two addendums, a Com- 
bustion Noise Addendum and an Alternate I'uels Addendum. The purpose of the Noise Ad- 
dendum was to obtain additional acoustic data, and to relate the acquired noise data to com- 
bustor design and operating parameters. The objective of the Alternate fuels Addendum 
was to investigate the effect of degraded aviation fuel properties on the pollutant emission 
and performance characteristics of low-emission combustors. 

A description and results of the Phase II program arc presented in Reference 4. Results (jf 
the Alternate Fuels and Combustor Noise Addendum are contained in References 5 and 6. 

3. PHASE 111 PROGRAM 

The Phase 111 program, just completed, consisted of a detailed evaluation of the Vorbix com- 
bustor concept in a JT9D engine. The objective was to demonstrate significant pollution re- 
ductions with an advanced combustor which meets the performance, operational, and instal- 
lation requirements of the engine. The test program included steady-state pollution and per- 
formance evaluations, as well as transient acceleration and deceleration enpne operation. 
Details of the Phase 111 vmrk are contained in the following chapters of this report. 

In conjunction with the Phase III program, additional efforts were also carried out in two 
addendums: 'rurbuicnee Characteristics of Compressor Discharge Flows; and livaluation ot 
a Federal Aviation Agency (I' AA) lixhaust Sampling Probe. The purpose of the I'urbulcnce 
Measurement Addendum was to determine turbulence intensity and scale in the compressor 
discharge of the JT9D engine by means of hot wire/hol film measurements. The objective ot 
the second addendum was the eviduation of a FAA-supplied emission sampling rake installed 
in the tail pipe of the demonstrator J'f'tD engine. Descriptions and results of the two add- 
endums are presented in Relerences 7 and 8, respectively. 
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C. PROGRAM SCHEDULE 


riu’ ou'iall |)i<»ni;iiu slIh‘(IiiK‘ for iIk' NASA/I’rnll I'i Wliiliu'y Ain iaK I xpi'i'inu’iital ( li’an 
C'omhiislor Pro};iain is ]>ivsonli‘il in I'ijunv I. 


PHASE I COMBUSTOR 
SCREENING TESTS 

l‘^sl{■: (’H(k;ham 

AST Anill NDUM 

NOlSf- AlUHiNnuM 



1 

n I n 


PHASE II - COMBUSTOR 
REFINEMENT AND 
OPTIMIZATION TESTS 

BASIC PHOGRAM 

rUELS ADDENDUM — 
NOISE ADDENDUM — 



PHASE III - ENGINE 
DEMONSTRATION 
TESTS 

BASIC r'UOC.RAM 

TURBULENCE ADDENDUM 

EAA SAMIM INC. PROBE 
ADD! NDUM_ 



I 1 1 


I 1 ± 


19 /:i 


111 M 


19Vi> 


-L_L 

197U 


l-'ii’iiiv } MASAIPratt A Il7/f7;;ci‘ Aircriill i'xiH'ivuaitiil ( hum Comhusior I’roftram Srhahilc 

D. PROGRAM GOALS 

Projiiam jioals were ilellneil lor iiotli |iollulaiil eiiiissioiis aiul eomhiislor aero-tliemuuly- 
iiamie perfornianee, 1‘lie goals lor gaseous pothilanis aiul smoke represent tlie i>rimai y ino- 
gram I’oeiis. The peiTormaiice goals were set to ensure lhal llie tviiuclioiis in pollulant emis- 
sions are not aeliieveil at tlie expense oT perronnanee. All goals are prediealeil on tlie use of 
eommereial grade Jet-A aviation turbine luel. 

1. POLLUTION GOALS 

I'be I'lollulant emission goals are summari/ed in t able I. The gaseous pollulant emission 
goals are expressed as inlegraled l l’A parameter (l-l’AP) values, I lie I I’A parameter | Kel- 
ereiiee I | is a thrust-nonnali/ed measure ol the b)lal mass of pollulant emilleii in a pre- 
scribed laiuling and lakeolT eyele. In general, because ol llic ciiaiaclerislics oraiicrall en- 
gines and their operational relationships to Ihe landing and lakeolT cycle elTeclive emission 
coiilrol musi be primarily directed I c waul reiiucing CO and MIC al low power and NO^ 
at high power. As shown by a comparison ol' Ihe goals with Ihe curreni puuluclion JT*>I) 
7A engine. Ihe attainment ol these goals involves sig.niricani pollulani reductions b\ laclors 
of 1.1 lo ti on an 1 I’AP basis. 
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mi.l.U'I ION (iOAl.S AND C'UKRliN I J l<)D-7A l.i:Vi:i.S 


. I 


I’olliitatU 




(’uricnl J l‘‘M)-7A 
l-.nt’iiic Slalvis 


IM’A I’aianiotoi (Him. polliilant/IOOn IM". tl)ru.st-hr/landing takeoff cycle) 

Oxides of Nilrojicn ' 

(As NO-,) 


Carbon Monoxide 

Total Uiiinirned Hydrocarbons 

Maximum SAli Smoke Number 


TO 

(>.5 

4.3 

10.4 

O.X 

4.S 

D) 

4 


Notes: 1 Data rc|irescnl aveiajtc emission levels toi a J l*Jl)-7A t>riKiiicliori eiii’iiic iiK-or|>oialin}i coinluis- 

(or connmiralioii fX' (bound idle data is willioiil eompressoi air bleed. 

2 Oxides of nitrogen data piescnfed as nilto,;en dioxide ctiuivalent, corrected to (i..^ II iO/kp, 
dry air. 

I lie exiiansi smoke noal is exiiressed as a maximum SAI- smoke number which approximates 
llie threshold of visibility for engines in tlie .11 ‘)|) thrust class. I he maximum value tyi'ieally 
occuis al Hie sea level takeoff power selling. The current JTbl) engine family meels (bis re- 
(luirement with margin. 

2. PERFORMANCE GOALS 

The key combnslor performance goals are presented in I able II. I he goals do not represeni 
an appreciable deparlure from current .rf‘M)-7 operating levels wilh the exeeplion ol (he 
pattern faclorand the combustion elTieieney al irile engiiie coiulilions. Implicit in tite goal 
for exit temperature patient factor is the aehievemenl of an average radial (emi>eralure pro- 
file al Ihe combuslor exit that is substantially e(|iiivalent to that produeerl by (he current 
production j rb|)-7 combustor, file goal for combustion efficiency of percent or better 
al all operating eoitdilions ensures thal the reductum in the emission of oxides of nitrogen 
is not acliievcd al Ihe cost ol engine elltciency. 
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TABU-; II 

i;xpi:rimi:ntal clf-an combustor program pi- rformance goals 

Maxiimim 'I'otal Pressure Loss (%) 5.4 


L!xit TetnperaUire Pattern I’actor 


0.25 at takeoff 


Combustor Efficiency (Ve) 
Lean Blowout Fuel/Air Ratio 


99 or better at all operating conditions 
0.004 ± 0.001 


Altitude Relight Capability Altitude at 
Flight Mach Number of 0.5 to 0.8 (m) 


An additional pcrfonnance goal is the requirement that the combustor mechanical dura- 
bility be consistent with long-term engine operation, equivalent to the current JT9D-7 com- 
bustor. This goal encompasses structural integrity, liner coolant air level, liner pressure drop, 
fuel-system metal temperature, etc. 


CHAPTER H 


EQUIPMENT AND EXPERIMENTAL PROCEDURES 
A. REFERENCE ENGINE AND COMBUSTOR 
1. REFERENCE ENGINE DESCRIPTION 

Tlic J r91)-7A engine was seleeled as a rercrcncc for tlie NASA/Pratt & Whitney Aircrall 
l-'MJerimenlal ('lean ('oinbiistor program. I'his model is one ot the eurrent versions of the 
JT91) engine which was designed and developed by Pratt & Wliitney Aircraft. Since its intro- 
duction into commercial service, this engine lias acquired widespread acceptance as the power- 
plant for models of the Boeing 747 and Douglas DC-10 wide bodied aircralt. 

The JT0D-7A engine is an advanced high bypass dual spool a.xial How turbofan engine. The 
mechanical configuratioii is shown in Figure 2. All JT9D engines employ a modular a.sscmbly 
concept to facilitate maintenance and service. The five major modules are: ( 1 ) fan and low 
pressure compressor. (2) high-pressure compressor. (3) diffuser and combustor. (4) high-pressure 
turbine, and (5) low-pressure turbine. 


FAN 



f 2 Crtm-rycrtio) lal Srhi’tiiti tic i > f the JTOir 7 A R cj'ercncc Rngin e 



The UP n,u 

•| |,c J r>)l).7A urnmpcUK'H is ns lollows. Ilu low |„rl,iuu, Tlic 

nml a Chivc-sInBU low-pressure compressor c ^ eompressor driven Uy a Iwo-slape 

liillh-pressure spool eouslsts ol an elevell-s ase ' j ' l,i„|,. pressure eompressor lliroupll 

IliBU-pressureUirliuie riieaa-e^ 

ir:r dm iu,,.,.. or me 

selceted key speeillealious for the JT9D-7A engine are listed in Table 111. 

TABLi: III 


JT9D-7A SPi:CIFlCAT10N 

Maximum Sea Level Huust (Dry) - 2.05 x 10^ N (46.150 IbO 


Cruise Performance (Standard Day) 

Mach No. 

Altitude 
Til rust 

Specific Fuel Consumption 

Weight 

Length 

Maximum Diameter 

(Cold, Room Temperature) 


0.85 

10,668m (35,000 ft) 

4.6.3 X 10^ N (10,400 IbO 
0.065 kg/hr/N (0.641 Ibm/hr/lbO 

3,972 kg (8,750 Ibm) 

3.62m (154.16 in) 

2.43in (95.56 in) 


ftessure Ratio 


Compress or Discharge 
I'ngine Inlet 

Total Hiigiiic Airflow (Dry) 


23 

686.3 kg/scc(l513 Ibm/sec) 


2. REFERENCE COMBUSTOR DESCRIPTION 


. . 1. • , ,rth,. lTon-7 A reference tliffiiscr/comlnistor is sliown in Figure 3. 

outer liner to allow for tlternial expansion. 
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ENGINE CCNTEHLINt — 


rUEL NOZZLE 
ASSEMBLY (20) 


OIH USLH STIUJT 



Figure 3 Cross-Sectional Schematic of the JT9D- 7 A Combustor 


Pic priiii:ir>' difliiser incorpoiatL-s ;m iiiiK'i nimp and oiitor trip followed by a dump sccliun, 
and a burner hood is used to provide a positive pressure feed to the combustor front end. The 
hood is indented locally in ten places downstream of each diffuser case strut. A filin-Cvioled 
louver eonstruetion is u.sed lor the combustor liners. ITiel is introduced thiout:h twenty duplex 
pressure-alomi/.injL no/.zles cniually spaced around the enj’ine circumference at the diffuser 
exit. The noz/le portions ol the luel injectors are enclosed in twenty conical swirler modules, 
which proviile primary zone llame stabilization. Optional takeolT thrust au)!menlation is 
provided by water injection throuph the fuel nozzle heat.shieltls. 

The overall lenjilh of the diffuser combustor section (between tiie trailing edpc (w tl).. com- 
pressor exit guide vanes and (he leaiiing edge of the first turbine inlet guide vane) is 0.5Hin 
(2.^.0 in.). The burning length between (lie fuel nozzle face and turbine inlet guide vane 
leading edge is 0.45m ( I 7.(> in.). Minimiun anil maximum diameters are 0.b2ni (24..^ in.) 
and 1 .07ni (42.2 in.) respectively. 

Key |)erlormance paranieleis of Itie .1 1 d| )-7 reference comintstor are summarized in I aide IV. 


TAm.i': IV 


KI:Y OIM'UATINC; I’ARAMI-TliRS Ol- Till-: 
JT9D-7A KlU-llUl-NCt' COMBUSTOR 


Cmiipicssor t-^xil Axial Mach Number 0 2b 

Compressor Discharge Temperature (K) 7b4 

Combustor Tcnipcraturc Risc(K) 783 

Combustor Section Pressure Loss (%) 5.40 

Outer Liner Pressure Drop (%) 1 -2 1 

Inner Liner Pressure Drop (%) 1 -78 

Combustor Lxit Temperature Pattern F-actor 0.45 

Average Combustor Hxit Temperature (K) 1 547 


Note: All data for standard sea-level static takeoff conditions. 

Tlie values of combustor section pressure loss listed in Table IV are specilied as percentages 
of the high-pressure compressor discharge total pressure at sea level takeofl irower. I he over- 
all section loss includes 0.8 percent attributed to the compressor exit guide vanes. The exit 
average radial temperature profile is shown in Figure 4. The JT9D-7 airstart requirement is 
sliown in Figure 5. 



{•'inure 4 Comhmior l-'xii A vcinni’ Radial Teiiif'craiurv Pri>/ilv 
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f igure 5 JT9D- 7 A irstart Envelope 


3. REFERENCE ENGINE COMBUSTOR POLLUTION LEVELS 

Since tlie J'L9D engine am! combustion system were designed prior to current concerns re- 

Ihc CO, Ml, us, o, wes no. spccincdly m.cnJoJ ,o provulc low c„ ,s- 
sions. However. Hie eombuslol iloes incorporate smoke re.Uiclioil IcaUiies anj produces 
visible smoke at any operating condition. 

l-:xhaust emissions are periodically monitored during J l 91) prodr.ct ion tests and 

typical results for the idle. dO percent. 85 percent, and 100 percent sea level ‘ ^ 
engine power settings are shown in I'able V. 1 hese power settings corresinnut to the 1 in non 
mental Protection Agency (lil'A) specilied simulated ground idle, approach, chmbout. and 
t ikeoff conditions which are used in the establishment of aircralt engine emission standards, 
nm datr^Ielted in Table V represent average emission levels Idr JT9n-7A produc irm en- 
gines incorporating the combustor configuration detmed by engmeeiing change num e 
^89^8b. riiis combustor configuration has been installed m .1 1 9|)-7A production engines 
shinned since November 1975. fhe data have been corrected to standard das temperali e 
i nd pressure and to an ambient humidity level of b.d g I hO/kg dry air. Jet A luel was used 
,br the tests. I he cu responding values of the 1 PA ParaineteMl PAP) are also presented n 
Table V. This parameter combines emission rales at the engine idle, approach ehmb. am 
takeoff operating modes, integrated over a specilied landing, takeod cycle. (Kekruiee ). 


l.J 


I 

» 




rAHi.i-: V 


KI J’KI.SIvNl A'l'IVIi J'ry|)-7A I’RODUC'J ION I'NCilNI’ i i;\/i i t- I 

and I Xl’i^KIMI-NTALru-ANrOMlJUSTOK I*K0(;KAM (IOAi’s 


■A. I^lnissi^>l1 liHtirt»c 


Operating 

Condition 


Total Unburned 

Carbon Monoxide Hydrocarbons 


I'-missions 
(g/kg fuel) 


Innissions 
(g/kg fuel) 


Oxides ol 2 

Nitrogen 

I'-tnissions 


SAI-; 

Smoke 

Number 


Ground Idle 


Approacli (30% Power) 


Climb (S5% Power) 


Sea Level Takeoff 
(100% Power) 


B^HPA Parameter (Ibni PolJutani/1000 ibri bnisl-lu/Landine-Takenff fv.i.r 


JT9D-7 


LCCP Goals 


1979 liPAdStandards 


Notes. 1 *"^pr*^sent average emission levels for 11 Jtqiv 7A i *■ 

tor configuration EC 289386. uction engine incorporating combiis- 




3 Ground idle data is wiiliout ci 


compressor air bleed. 
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a. TtST COMBUSTOR 
1. VORBIX COMBUSTOR DESCRIPTION 


A cross siviion (Iniwiiij' ol (tu- I’Iimsc III Voihis (vorlcx buniiiij' ;nul inisiitf) i<niihi(Sioi is 
shown ill I'ij’mv h, A iVonl view of ilic piloi ('iiH sysicin nmmfnm-tif ;mtl llic ciHiiinluvn 
Mill lociitioii of fill’ pilol ;iii(l iii:iiii lin l injcclois is shown in l ifitic 7. l ijniics H iiiul pic- 
si'iil pholojnnpiis of (iu- oiim romlnistoi liner ;iiul liciitl iisscinhly, hclbic :iiul iiUiT iiisl.iilii 
lion of ihe hood. I'lu* innoi coiiihitsioi liner is shown in I'iinire 10 inoiniled on (he inslni- 
meiUed nisl-sliipe lurhiiie viine assembly, I'innre 1 I is an iipsltvani view of the onier liner 
illnslralinj! Ihe installed positions ol' the piled and main fuel injeelors. 

I he vorbix eoneepi ineorporales two bnrnint> /ones separatee! axially by a hiph veloeily 
throat section. The pilot zone is a conventional swirl-slabilized. ilireLt-in.jeetion eombnstor 
employing thirty fuel injectors. || is sized to provide the reepiiieil Iieal release rate for idle 
opcMalion al hiph efUeieney. laiiissions of carbon monoxide and imlnirneel hydrocarbons 
are minimized at idle operalinp conditieens primarily by maintaining a sidTiciently high piled 
Ze)iie eeiuivalence ratie) le) alle)W complele biirninp e>f Ihe fuel. 


At high perwer coirelilienis. Ihe pileet exhaust eeunvalence ratio is reeluced as low as 0.3 (in- 
cluding Idiot diluliern air) ter minimize formalion erfe sides ofnilreigen. The minimum cetui- 
valeiice lalier k)r the pilerl zone is delermineii by (he erverall lean blerweiut limits. ce)mbustie>n 
efficiency, and the need te> maintain siifficient pilot zerne temperalure te) vaperrize aiul ignite 
the main zone luel. Main zerne fuel is iidiereliiced through fuel injectors leeeated at (he outer 
wail of the liner downstream eef the pilot zone discharge location. Sixty fuel injectors are 
used. Main zeme combustion and dilution air is iiilrodiiced through sixty swirlers irositioned 
on each side of (he combustor. (1 20 total). 


A common luel injector support assembly was designed for both the pilot and main stages 
to reduce labrication cost. An exploited view ol (he injector as.sembly is shown in I igure 
12 . 


Minoi adjustments were made to the liner cooling airfiow distribution ba.sed on temperature 
measurements made during the final I’lia.se II rig tests. Additionally, total liner metering 
area was leduced slightly to increase liner pressure loss. A close correspondence between Ihe 
engine and rig hardware was lelt lo be necessary itt order to provide maximum assurance (hat 
the extrapolated rig results could be achieved in the engine. 


The combustor cooling louver consiniction. cooling air levels, and liner material are repivsim 
tative of current production engine leelmology. I'his eoo'ing technology is projected to pro- 
vide adeipiale duralrility for the J lb|)-/A cycle pressure ratio and combustor temperalure 
rise. 


Minor geometric changes were retiuired in areas such as pilot swiiier radial travel anil to in- 
corporate (he J l‘)n-7 production mounting and slip join! arrangenienl. {'ombiistni liners, 
hood panels, thrust cooling, scoops, and fuel injector supports were designed to avoid low 
order, engin- excited resonance. Where (lie uniipieness ol (lie Vorbix design (requiring e\- 
perimenlal structural development work) or constraints of cost and time prevented design 
ing to the program life goals, minimum criteria of lot) hours and lOOO cycles were chosen 
lor satisfyinji ihe requirements of the i’hase III test program. 
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Figure 1 2 Fuel Injector Assembly ( K-2 1 44 S ) 

2. TEST CONFIGURATIONS 

The initial Phase III configuration (designated S25E) was intended to duplicate the final 
Phase II sector rig configuration (S25) as closely as possible. The engine configuration is 
compared to the rig configuration in Table VI. 

TABLE VI 

COMPARISON OF RIG AND ENGINE AIRFLOW METERING 

Comparison of Engine Design (S25H) 
With Rig Design (S25) 


Pilot Swiricr 

Pilot ID and OD Dilution 
Main Zone Swirler ID and OD 
Main Zone Dilution 
Liner Cooling 
1 otal 


*l’crccnt Change = engine rig 

total A(_-|) engine 


A^-p ~ Measured area x flow coefUdent 


Same 

Same 

Same 

Decreased 3 percent 
Increased 5 percent 
Decreased 2 perceiU 


20 


Three voibix eomhnstor eon Tigiiriil ions were tested in I’luise III. Tlie tliiee eonfigiinitions 
were j^eoinelrically identical, willi minor dilTerances in airilow dislrihution. Tlie eonllgura- 
tions tested are siimmari/.ed in Table VII. 

The ba.seiine engine conrigiiration was S25H. Tlie first modification (S2f)li) incorporated a 
small reduction in II) swirler airilow to provide additional cooling airHow for the outer com- 
bustor liner at locations downstream of the main .swirlers. The second modification (S271-!) 
involved airilow redistribution in both the pilot and main zones. Pilot dilution airflow was 
reduced slightly to shift the minimum CO level at idle to the design idle fuel/air ratio. In the 
main zone, additional II) swirler airilow and a small amount of Ol) dilution airflow were 
transferred to the aft cooling louvers on the outer liner in order to reduce the Ol) radial exit 
temperature profile. 

TAIILK Vll 

AlRl l.OW DISTRIBUTION FOR VORBIX 
COMBUSTOR CONI 'lOURATIONS 


I’crceni Total 

Combuslitr i-low 


Description 


S2M-: 

S27I-: 

S25T 

S26I-; 

■S27I-: 

Pilot Swirler 

I4..sn 

14.50 

14.50 

12.0 

12.0 

12.0 

Pilot ID Dilution 

7.‘)6 

7.‘)r> 

7.18 

4.6 

4.6 

4.1 

Pilot OD Dilution 

1 1.82 

1 1.82 

10.76 

7.7 

7.7 

7,0 

hulklicail 

.V28 

.L28 

.1.28 

1.0 

1.0 

1.0 

Main Swirler ID 


11..U 

8.51 

10.8 

0,0 

6.8 

Main .Swirler OD 

.t.t.60 

.U.fiO 

11. (lO 

27.2 

27.2 

27.2 

Main Dilution OD 

1 ..M) 

1.50 

l.ll 

l.l 

t.t 

0.8 

Main Dilution OD 

4.50 

4.50 

4.50 

1.4 

1.4 

1.4 

Main Dilution OD 

n.oo 

n.oo 

0.00 

d.7 

6.7 

6.7 

Main Nozzle 

1.1.^ 

u.t 

i.ll 

0.8 

0.8 

0.8 

ID Liner Cooling 

10.84 

10.84 

10.84 

7.0 

7.0 

7.0 

OD Liner Cooling 

15.0(1 

17.28 

22.15 

1 1.0 

ll.d 

17.4 

TiirWne Vane Platform 

.) .40 

.L4') 

1.4«) 

2.8 

2,8 

2.8 


♦A(.|) ■" MciisUR’il area x How eoeriieieiii 
3. DIFFUSER CASE MODIFICATION 

In order to adapt the two-stage Vorbix combustor Id the J Td|) engine, several internal de- 
sign changes to the .TT‘)D difinsei ease were re<|uired. These ehang’es inehiile provitiing ad 
ditional inounling bosses for the pilot aiul main fuel injectors tind the leloealion ol the ig- 
niter bosses. Diffuser ease mount llanges, combustor monni llan.ues ami [uns. diffuser ease 
inner and outer wall eonlotirs. and strut arrangemenis remain unchanged. 


"1 


n 



1 


T 

>1 


All exploded view oi'tlie niodificiitioiis made lo the standard pioduetioii j r‘)D-7 dilhiser 
case is shown in Figure 13. The boss locations for the pilot and main fuel injectors were de- 
fined by requirements fc. servicing of fuel system components, minimization of structural 
compromises, and relative case of reoperation of an existing part for use in the Phase III test 
program. A used experimental JT9D-7 case was the base for the modifications. 



l-'ixurc 1 3 I 'orhi.x Diffuser Case Modification 

The rear outer skirt was removed and a new forged ring welded in its place l en rectangular 
windows were cut between diffuser struts downstream of the production fuel injector liosses, 
and forged pads were welded in place, flic pilot fuel injector mount pads were clustered in 
groups of three to reduce the amount of welding required and lo eliminate interference with 
the diffuser case bleed bosses. Plasma arc welding was used to minimize local shrinkage. 

The diffuser case was supported with rigid fixtures during wekling and machining operations 
to reduce distortion to previously machined surfaces. An abbreviated stress relief cycle was 
performed prior to final machining. A photograph of the reoperated case is shown in Figure 14. 

Twenty probe bosses were installed at the compressor discharge station for experimental in- 
strunientatioii. An OH filter iluct was installed lo reduce Ol) shroud passage height in the 
vicinity of the combustor throat and swirlcrs. Flush plugs were used to fill the twenty existing 
J 1 9|)-7 fuel injector parts. 

Although the extensive welding and design compromises re<|uired to permit use ol an existing 
part drastically reduced the cyclic lile of the dilluser case, it was acceptable lor the expcii 
mental use intended. Acliievemenl of the cyclic tile necessary production engine applii..ilions 
would rei|uire fabrication of a complete new part and proper he.it Ireatmcnt. 
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Fif^irc 14 Rcopcrah-il DO'Jit'icr Case Ji>r riiasc III Civinc Tests ( .\'r.V.s^774l 


C. FUEL SYSTEM 


1. FUEL MANIFOLDS 

rhe external fud system clesien was unique to the Phase ill \ urhix eoinhustur installation. 

It included pilot and main zone manirokls. stadne valves, jumper tubes, and mmmtine haro- 
uvarc. The pilot and main zone manifokis willi valve arrangements are slxnvn sehematieally 
in Figures 15 and lb. Kepreseiitative phoioeraphs of the pilot and mam zone fuel systems 
and associated hardware are presented in I'igiires W and 18. 

I'hirty jsilot fuel injectors are eciually spaced in dusters of three around the engine circum- 
ference. I'en of these are connected directly to ilie pilot fuel maniloki. Control of the fuel 
How to the remaining twenty fuel iniectois is proviilcd by the pilot soleiund val\es. 1 ach 
valve controls the outer pair of injectors in each cluster of three. I he objective ol this valv 
ing arrangement was to provide llexibilitv in partial I'ilot iiiistaging. it necessarv . to improve 
starting or pilot-to-main staging. 

The sixty main zone fuel injectors are coiiticdlcd by sistecn solenoid valves .maiiged to pei- 
mlt cireumlerential zoning or sequencing in siaeeeied gmups ol bun iiiieetois. I lie main 
zone solenoid valves petlorm the st.iguig Imu lion and ale anaiu-ed to peiinit svmiiietiu op 
cration on either thirtv or sivtv injeclois. In older to mimnuze the inipaet ol iiiaiiilokl till 
time r>n engine .iceeleratioii . the tiiel iumpei lidv cohime d.nv iisti.-am ol (be siaging va.vcs 
was kept to a ininiinum consistent with mouuliiie .uid svu vue.il'ihlv lequiieineiils. St.igiim 
logic was programmed iiiK' the hicK oiUioU ompul. i , ,iiid ea. b so|, iioid v.ih.e .otild be op 
eraled individiialh if desired. 
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The cx(i’m;il liu'l sysU-m was iiiJi-nik-tl slrirlh' ;is o.\i>iTinu'nt;il li:iiihv;tiv lor tlu' l’li;isc III i.'n- 
f'.iiu’ U'sl projiiiiiii. Piimiiiy rc:ison.s lor Mils !ip|)io;icli wciv llu’ jKldilioiuil (k'xihilily ik'- 
sired and lIu' ivi|uireiiu'nl that all l•ompolU‘nl^ Ik’ inidily aci-vssihlr lor ivpair or ividan’iiu'iil. 


Maiiil'old and Jumper tube vohmK'>, valve operation, eie.. were desiinieil to he Iliplitworthy in 
funetion but struclurally adecpiate only for the extent ol tlie enpine text propram. Since 
the experimental enpine was to be used without a lliphl-type nacelle and aiilrame plumbinp, 
the fuel system eomponeiUs were desipncil with minintum consiiicration f.iven to external 
hardware interferenees. 'I'o ensure inteLuily ol' the enpine tuoimted luel system, the luel 
manifolds and valves were assembled on the ililluser case and evaluated loi crimponent re- 
sonance in the enpine operatinp ranpe. Apparent liiph stress areas were stiain-papeil and the 
assembled hartlware was subjecteil to a ranpe ol trecpieneies aiul amplitudes expected duiinp 
engine tests, I he vibration test installation is shown in ripiire 19. As a result of this testing, 
a number of modirications were made to the mountinp brackets and tube clips, 
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2, FUEL CONTROL 

A fuel control design sluily was conducted as part ol Phase M I Uelerence 4| to iiienlil> cimtiol 
system rec|uitements aikled by the stag.ed combustor concepts developed in the I xpeiimen- 
ta! ('lean (’oinbustor Prog.rain. A mnnbci of conceptual ilcsigiis which satisfy the functional 
requirements were specified, and Ihe most t'lomising com epis were selected on ilie basis ol 
available Icchttolopy and estimated lile c\'cle cost, A bieadboard conliol system design, in- 
volving modilication ot thecuirent J I 'll ) fuel control, was specilii’d kn the I li.isi llltugiiu 
test program. 
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K (WO SN„U> V(„-h,x romhusloi is d.anu tn i/c.l hy ,wo sq>i,n,|r /oju s ,.,ul (wo 

h • on^.'i' f r’‘ h'"' ' Sifuv v.u h c omh.is(ot /<.iu' 

0 T !. w I''.’ loroptimum .mission lommiion rm.l .omlmslion 

^ 1 1- *'* ‘l>^<(il’"lioii (o .:kIi /oiu- musi hi> Imsai on .iipin. I'lu l/aii liilio r.illi.r lh;m 

(ocil hid Dow. hi mhiitioii. n iiiimhcT ..r iiu-diiiiiird c-onstmiiils sudi .is mas iiiiiiin hid imiiip 

1 ussiiR niinnmiiii .,)nli'(.||.,h|. ||„w iau«. hid no//|r him dowii , tmmiroi.l h.ad .Ihvl, 

V’ '!• 'V"* *-'' """ *"' * liv.ilotii in vaiyinp, pMoi lo main liid <lis 

hihuhon. Spccihcahon ol (he pilol/main hid split lor (lie Voihix coinlmslor opmalinp at 
sui Lvd IS shown m l-iMurc _0. Mmmuim aiul maximum limits aiv imposed on the pild( /.one 
fiid/aii raho to prevent lean hlowoul and excessive (hermal shesses in the pilot /one. These 
limits were developed from (he Plia.se II eomlnistor rtV leslinp, and deliiie the pradieal 

enpine"’^ zone hid schedule optimi/.atioii in the 


An additional requirement imposed !,y the staped Vorhix comhustor is that passage Ihrongh 
the staging point (transition rmiii pilot only to pilot pins main zone operation) must he ac- 
complished in a rapid and conlimious manner. This is required lor reasons of flight safety 
and is specified by tl.e PAA Airwortiiine.ss Standards ( Keferenee 9| in terms of a five-sec- 

for engine aeeelcration from flight idle to 95 percent 
t rust. Ihe current production JT9D-7 fuel .system Is fully st.iged at ground idle tl erebv 
ehminatmg “fill timd' delays a.ssodated with the volume cd’ the second a r^.d^ 
mbutions tubes, and fuel nozzle supports. However, the Vorbix combu.shn miisi stage ’ 

hvs will "• ^ oiH-ratmg conditions. Uncompensated manifold fill time de- 

lays will seriously impact engine transient response. Pot this reason, the breadboard control 
design |)iovides conhnumis hid recirculation ihroiigli the main fuel manifold when operating 
tlie engine on (idol only. 






The Im‘;uiln);ml I'tu’l ronirol jiiul ilisliil)iili<>!i sysli'iii loi llu- i'liiiM- III nii'.ino ts 

shown sdu-miiUc;illy in l■■inmv .d. TIu' iniiin Hid pump, m;iin Im-l conlml. ;ni(i llu' Ind-oil 
cooliT iiiv JT<H) piiulm tinn roinponcnts nsw! willionl aKaiilion. Hy Icavinc Ihr i-id'iiu' con 
li'ol inlact, Ihc cnj-im' Hid How versus lluiisl diaiactciislic, ainl Hie assoDeil liiins am! 
biases, remain imdianpeil. All other engine control Hmdions, sndi as bled operation amt 
lh^',ti-pressiire eonipressor vane anj'le sdieiHiliiii',, eonlinne to In* aeeoinplislieil by the pioHm- 
lion control. The llow (lislriluilion valve (i»ereenl split valve) is a llatnillon Slaiulaul Division 
contponent with appropriate nuulilieations to meet the llow reipiireinents ot the Voil'i.s 
combustor. The percent split valve is controlled by a reprofuanimable I’DI* I I /40 ilipital 
computer. Overall combustor fnel/air ratio, reipiired as a priiicilde control parameter, is senseii 
by its proportionality to total luel llow divided by combustor inlet pressure. All breadboard 
Hiel system components not nuninteil on the engine were mounted on a portable skid, shown 
in I 'ij'ure 21 . A view of the electronic Hid control computer console installeil in the endue 
test cell control room is shown in I'ifuire 22 . 

riie breadboard control system was divided into live Hmctional subdivisions; 

a. A start return bypass to the main fud pump to [irovide for Hid How metering and ad- 
justment during starting; 

b. A circulation system to keep the main manilohl full when operating on pilot only; 

c. A percent split valve to provide metered How to the pilot aiul main no//les; 

d. A nitrogen gas purge system lor purging the main Hid no/.zles when iinstaging to 
minimi/.e coking; 

e. A t'fc’ssuri/.ing and ilump valve usetl tr> pnrvide a iliiinp lor the pilot no/zles when 
shutting down. 

Ill addition, an emergency fuel shutoff valve was included to ensure fail-safe engine shutdown 
in the event of a component or logic lailure. 

The computer was programmed to provide pilot-to-main burner Hid split as a Hinction of 
overall Hiel/air ratio, riiis function was manually overriilen during steaiiy state operation to 
permit variation of fuel flow split so as to ))ermit iletermination of the effect of fuel split on 
emissions and e.xil temperature profile. 

During initial testing, staging was done manually to allow investigation of the transient chara- 
cteristics of the staging process. Staging was then automated to occur at a selected value ol 
fuel/air ratio, which, in turn, was determined from a correlation curve of steady slate values 
of fuel/ail ratio versus combustor pressure. After staging, the percent split valve was modul: - 
ted to satisfy a function of percent split versus fucl/air ratio which could be trimmeii a, re- 
quired. Unslagiiig was done by a manual push butlon which sequentially turned on the niim- 
gen purge for a period ol lime and ttien turneil on the circulation How. 

During engine testing, the reprogrammable computer pioved to be valuable in that it was 
possible to rapidly alter the percent split versus overall Hiel/air ratio schedule, the selection of 
scheiluling tiaiamelers. and programmeil conslaiils In opiimi/e IransienI iH rloiinancc. 
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Fijiure 2 1 Experimenfal Clean Conibusi or Program Phase III Control S ystem Schematic 













D. EXPERIMENTAL ENGINE X-686 DESCRIPTION 


1. ENGINE CONFIGURATION 

lix|H:i'imciUal J 1^0-20 engine X-f)86 was Ihe test vehide 1’or the Phase III I'xperinienlal 
Clean Combustor Program. 'I'he J T‘>l)-20 engine model is eciiiivalent to the JT9D-7A rcrcr- 
ence engine in gas generator eonrigiiration and pei I'oi inance. Plie major dilTerenees between 
the two models are the locations of the mounting attachment points, accessory gearbox and 
other external components. P'igurcs 24 and 2,‘i compares l!ie two configurations. The J T9D-20 
model is preferred for combustor (.levelopment work because lire gearbox is located forwaril 
and away from the combustor case. The design of experimental fuel manifolds and instru- 
mentation is considerably simplified by removal of the JT9D-7 envelope constraints, and the 
external components are easily accessible for service. The engine was operated at JT9D-7A 
combustcr ''det parameters and thrust levels for the Phase HI test program. 
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Hflitrc 24 JT9D 20 f Internal Conjlgutalintt (RiKfil Side ■ 




(UAnuox 


/■'iS!U>'c 25 JT9D- 7 l\nginc Hxtenial Configuration (Right Side/ 

Pigurcs 26 and 27 show cxtonial views of engine X-686 prior to the start ofl’hase III testing. 
Tlie two-stage Vorbix external fuel system is visible, as is the fiist-stege turbine inlet guide 
vane AR TS (Automatic Recording I'emperature System) instrumentation package. 

2, PERFORMANCE INSTRUMENTATION 

In order to compute overall perronnance characleristics, experimental engine X-(>86 was in- 
slrumented to measure (he following engine o|.era(ing parameters. 

• l•;ngine inlet temperature I'j i 

• I.ow rotor speed N | 

• High rotor speetl Ni 

• (learbox breather pie.ssuie I’ 

• (learbox breather temperature T 

• I'ngiiic thrust I jsj 

• Tngine inlet total pressuic Pp 

•• I'an dischaige total presMiiv I’j i 

• 1-ngine exit total pressure I', 7 

• High turbine dischaige tempcratuic Tjj, 

• Ibigine exit total tempeiatiuc 1(7 

• Mm nei piessmc 

• Total engine fuel flow Wi 
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In ;ul<li(ioii. i>ivssiiix' ;iiui iiiv pi'oliL’s wciv lo iIk‘ n>in|m'ssnt iliscliart’c st:i(i()n 

to iiK’asnic coiiiltiislion inlol coiulilions; i.'\k’iisivr insti'iiincntalion (total and stalii: im'SMiro laps) 
was ailiiod lo the iliUnsi't/coinlHisloi scolion to I'stahlisli airllow distribution into tlif L'Oin- 
biislor liiH’is; thonnocoiipk’s were installed at erilieal locations on the coinlnislor liner skin, 
and fias samples were withdrawn Ihrounh laps at the downstream end ol the ID and OD dif- 
fuser shroud passajics and i^assed Ihroutih a liydrocarbon analyzer to detect interna! fuel leak- 
age, fuel aspiration, or combustor tiamage should it occur. The engine anil coinlnislor section 
instrumentation is described in more iletail in Appendi.s A. 

lixperimental engine X-68(i was also fitted with first-stage turbine inlet guide vane Ibermo- 
coiiple ARTS (Automatic Recording Temperature System) instrumentation for the initial 
testing sei]uences. I bis instrumentation irermits determination of combustor exit tempera- 
ture pattern under actual engine operating conditions. I'igure 10 presents an overall view of 
the a.ssembled AR I S inick, connecting leads, etc., with the inner combustor liner in place. 

A close-up view of a portion of the ARTS instrumentation is shown in I'igure 28. I'he ARTS 
pack is comprised of 290 platinum/rhodium thermocouple elements welded to the leading 
edges of 58 first-turbine vanes, hour vanes are instrumented with total ])res.sure sensors and 
are located at api>roximately 90 degree intervals around the circumference. An additional 
four blank vanes serve as inner combustor liner instrumentation lead pass-throughs. Radia- 
tion and conduction errors are minimized by the use of a radiation shield around each Iher- 
inocouple sensor and by ducting exhaust gas How around the junction. Se<iuencing ol the 
thermocouple data aaiuisilion is controlled by the Pratt & V/bitney Aircratl 2104 Data Ac- 
ipiisition System installed at the engine test stand, i he inclusion ol AR I S instrumentation 
imposes a maximum limit of 18.19K {2850°h) on local turbine inlet temperature. I he ARIS 
pack was replaced by a standard first-turiiinc vane assembly for the i'inal lest seiiuence. 

3. EXHAUST GAS SAMPLING INSTRUMENTATION 

Most of the exhaust gas samiding was comlucled with an eight-arm rake moimteil in tiie core 
engine exiiaust stream m ( 14 inches) down.stream of the exhaust nozzle exit i>lane. The 
unmounted rake shown in I 'igure 29 was tiesigned for use with a J 1 9D experimental tail|iipe 
(cylindrical section). I'wenty-four sampling ports are located on eigiit radial arms at the cen- 
ters of eipial areas. I he sampling ports are manifolded such that tiy sampling at dilterent con- 
nections, gas samples can be taken I'roin either four or eight eiiualiy spaced arms ( 1 2 or 24 
sample |)orts). The sampling rake was mounted on a traverse gear which pernutted rotation 
over a 45 degree arc in live degree increments. Data were recorded using these alternate rake 
configurations for comparison with (he stationary eight-arm baseline conligiiration. 

An additional e.xhaiisl gas sampling system utilized lor comparison purposes in the Phase III 
test program was comprised id the slandard production engine exhaust total inessiire probes. 
(I’j-^). lb esc were luaniloldi'd lo deliver a single gas sam)>le to (he analysis eipiipmenl. I he 
cireumferenlial and radial positions of the sampling ports are shown in i igure .^0. 

A description of the exhaust take inslalhilion ;md the gas analysis and conditioning eipiip 
ment is presented in Appendix A. 
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he I'hase HI Test Program 






4. P-6 TEST STAND 


All ciiBinc testing in the Plnise III lvx|iciirm‘nliil C'leiin Cotnhnstor I’rogniin w;is conducleii 
iit the Pnilt iS: VV'hitncy Aircnill piiHliicti(,n test laeility in Mithilctown, ConneLl iciit. I his 
facility inchulcs a series of anihicnl inlet, iiutooi test cells with siillicicnl cell volume am! How 
capacity to lest high airfUtw engines in the I l‘)|) ihmst class. The !’-(> lest slaml has lieen 
etiihppeil with the adililional instrmnenlalion ami tiata hamlling capahilils required for AR'IS 
and low-emission eonilnistor developineiil programs. A description of the test slaml and data 
actiuisition system is given in Appendix A. 

E. TEST CONDITIONS AND PROCEDURES 
1. STEADY-STATE TESTING 

The Phase III engine tests were conducted ir. a manner similar to that of other J19I) experi- 
mental engines at Pralt & Whitney Aircraft. Test stand inlet conditions are not artificially 
controlled so that the engines are run din ing various amhient temperature and haromelric 
conditions ami rarely on a “standard” day. lingine performance parameters are normally cor- 
rected to standard day conditions (Appendix A). Since the program was oriented to mea- 
surement of emissions at specific power levels, the steady state emissions data were taken 
for most points by establishing combustor inlet lemperature level, regardless of ambient con- 
ditions. The Standard Day J'PM)-7A (Jas Generator Keference Conditions are tabulated in 
Table Vlll for the four liPA-specified sea level static power .settings. The emission data were 
corrected as described in Section l-'l from the observed combustor inlet conditions lo the 
corresponding standard day reference conditions for presentation in this report. 
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Tlu- I'l-oiiiul iclk upi'Kilinji I'omiiiioiis ik-liiu-il in Tnlik- VIII convNpoinI '<> "Ih-i;iIiom 

widioiil coinpivssoi sciviLC nil hkvd ami auxiliary (.L-arkox-imnmtal roiiipotu-iils 
(o ilrivc aiivrari systems (power exlrae(ioii). This is coiisislenl with eiirrent hall A: Whitney 
Aircral'l experimental ent-ine ami proiliielion aeeeptanee lest prneeaures. ami eonloims to 
Hie reipiirements ol‘ the Id’A airciait eiinine emission slamlards (Relerence I ). 

A typical steady-slate engine test pro;;ram is shown in I'able IX. Additional test points were 
added as rmpiircd during the engine lest run depending on emission data obtained eombnslion 
ciTicicney, or to set a siK-cilie value of another engine parameter, such as corrected thrusl. 
Variation of the pilol/main luel split is a primary test variable at the higher engine power 
settings, hollowing an approximately live minute stabili/ation period at each test iioint. a 
set of engine pei rormanee data, combustor section pressure and temperature data exit tem- 
perature (ARTS) data, and exhaust gas emission data were simultaneously recorded. Idle 
emissions data were obtained at the start and completion of each engine run to determine 
if tlie cold or hot engine condition had any signilicant effect on emission levels. 1-or steady- 
state testing with the ARTS instrumentation in place, operation was limited so as not to ex- 
ceed 1839K (2850°h) gas temperature on the turbine inlet guide vanes or the ledline timi 

for the engine lixil (las Icmperaturc (h-Cil ). 


2. TRANSIENT TESTING 
a. Acceleration/Deceleration 

lingine aeceleration/deceleralion tests were conducted following completion of the steady- 
state emissions and performance testing to determine transient characteristics ut the two-stage 
Vorbix combustor and fuel system. The ARTS instrumentation was not used in these tests 
The U ting consisted of a series of progressively more rapid engine accelerations Iroin an ulle 
setting to 95 percent rated thrust and deceleration back to idle. Testing was conduclul Ironi 
both ground idle (h/A - 0.0105) and a simulated llighl idle (h'/A = O.OI 15) powm settings. 

The elapsed time to 95 pereeni thrust is automatieaily recorded by the lest stand Al I UAt 
system (See Ai>pendix A). The “snap" acceleration test retpiires that the power lever be ad- 
vanced from the selected idle position to the full power position in one second or less. Siia)) 
acceleration data arc presented in the format shown in l-igure .)!. I■■igule .)1 also shows the 
contract goal 1 Reference 9| and representative .n 9l)-7A production engine pci lormance. 

Particular attention was paiil to passage through the pilot-to-main staging point, and various 
combinations of pilot/main fuel schedule and fuel control response parameters were investigated 
Tests were conducted for both unstaged and staged (main /one fueleil) idle operation, as 
indicaleii in I'igure 32. The breadboard fuel control was designed to peiinit considerable 
adiuslmenl in fuel management around the staging g-oml. Main /one unstagiiu' undei decelcia- 
(ion wasaiijusled to prevent coinbiistoi blowout. 
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PERCENTAGE PILOT-FUEL 




l-inurc .U CoitiDarison ofJ1VD-7A Snap A icckration Capahiliiy and llxpenmcnial Clean Comlmstor 
I'rogram Phase III Coal (l-'AA Requirement) 



l-iftnre .i2 Phan' III I nline At eek ratiiin Priiyrani 


•n 



i 


I 


1 


I niissjuns (lalii wi-iv nul l:ikoii diirin)’ liu‘ I'uj'.iiu’ ti-sis diio (o llu‘ Ml:d>ili/:dinti 

tV(|iiiroiiR'iil lor n;is sninpk's. Visiiid ohsci valions wciv inadi- of iho oxliaust dmiiin oiu-h 
aci.i.'li’ialioii Tor IIk' pivsoiKv of iinhnnu'd l iud. 

b. Sea Level Startiny 

A proj’iam was condiiclcd lo liL’I'iiie llu.' slarliiijr 1 ,'liaiai.lcrislics of llic lest engine willi the 
Vorbix eoinbuslor. |•Ilninc starts were atlemided al liinh rotor speeds ol 1400 aiul lK()0r|rm 
and vaiious litet now/eombustt)r pressure ratios as shown in l■'igllre 33. An engine start is 
considered salisfaetory if the engine siieeessfnlly accelerates to the ground idle condition, 
dition. 


F. DATA ANALYSIS PROCEDURES 
1. EMISSION DATA REDUCTION PROCEDURE 

The raw emission data were transmitted directly to an online cominiter for processing. The 
voltage respon.se of the gaseous constiluenl analyzers was first converted to an emission con- 
centration, based on the calibration curves of eacli instrument, and then used to calculate 
emission indices, carbon balance fuel/air ratio, and combustion efnciency. The emission in- 
dex and carbon balance fuel/air ratio calculations were performed in accordance with the 
procedures est.iblished in SAL AKP 125b | Reference 10). 

In order to compare combustor development engine emission data between runs and to the 
,rrh|)-7A proiluction baseline, it is necessary to correct emission data to the standard condi- 
tions listed in Table VIII. As discussed earlier, the basis for setting most test points was com- 
bustor inlet temperature ( T(^). All adjustment of observed emissit)n data was made relative 
lo the observed value of combustor inlet temperature, thereby obviating the need lo make 
an inlet tentperature correction, (’urves of combustor inlet pressure and fuel/air ratio versus 
inlet temperature were generated for the reference J ryi')-7A engine operating at standard day 
ambient conditions and are contained in Appendix A. The magnitude of inlet pressure, etc,, 
correction required was determined by compaiing the observed and reference parameter 
values at the observed value of inlet temperature. 

Comparison of observed and reierence combustor operating conditions for the steady-stale 
tests in experimental engine X-bSb revealed that only inlet i>ressuie deviated signiUcanlly 
from the reference engine characteristics. Deviations up to I.S percent were recorded at high 
powei engine conddiims. Deviations were less than 10 peceent .it low power engine eoiuii- 
tioiis. The ftiel/air ratio wasoidy slightly 10 3 (lereenl) higher than (he standard engine. In 
view of (lie relative impreeision of eurrently .availahle fnel/air ratio eoirection faelors, and 
tile demonstratetl depeiuienee on eomlnistor eonfiguralion, it was decided tr> eoireet llie 
gaseous emission data only for deviation in eombnsloi inlet pressure. In arldilicui. the N()^ 
data were eorreeteil to a standard inlet air hu iiidity of b.3 g lljO/kgdry air. file data adjust- 
iiieiit equations for the gaseous emission species an .is follows: 


ENGIWE F’JFL FLOW 
COMBUSTOR PRESSURE 


yn 


GO 


bL 


40 


30 h 


20h 


10 h 


0 


0 


m oumi 1 ) i K’.tn 
Ml (iioN I on .noi) /A 



-J 1 1 I » 1 1 I I I 

200 400 600 800 1000 1200 1400 IGOO 1800 2000 

RPM 


f igure 33 l‘liasc III Vurbix Conihustor Staniug Program 


( 1 ) 


NOj. corr. = NO,, mens. 


(I’, 4 std.) 
(I’l 4 mcas.) 


^^^0.018(11 mens. 


fi.3) 


(I’j 4 mens.) 

(2) ro eon. ^ C’O mens. — 

(I ’, 4 std.) 


(I'l 4 mens.) 

(.^) 1 1 !(' corr. “ 1 1 1C mens. 

(I ’, 4 std.) 

where: 


NO^ 

CO 

nir 


l-mission index oT oxides ol nitroeeii fuel) 

I ttiissioM index «)renilioti monoxide luel) 

I inissi«m index ort()(nl hydroenrhotis (ii/k): fuel) 

( omlnistor inlet total pressuie 

Inlet speeilie Immidilx ()■ IlsO-'ki! nil ) 



and subscripts: 

std = Relates to value at standard condition 

coi r. = Relates to value at corrected or standard condition 

nieas. = Relates to value at measured condition. 

Exhaust smoke data are presented on an as-recorded basis. Smoke corrections arc believed to 
be very small, on the order of 3 percent for each parameter. Since the data were obtained at 
slightly lower pressures and slightly higher fuel/air ratios than reference values, the correc- 
tions tend to compensate each other. 

2. ERA PARAMETER CALCULATION 


The U. S. Environmental Protection Agency emission standards for aircraft engines are ex- 
pressed in terms of an integrated HPA parameter (EPAP). This parameter combines emission 
rates at the engine idle, approach, climb, and takeoff operating modes, integrated over a 
specified landing, takeoff cycle [ Reference 1 ) . The equation for this calculation is as follows: 


(4) EPAPj 


2 j — Wr;: El:: 

60 ‘J y 




(Ibm pollutant/ 1000 Ibf tlirust-hr/LTO cycle! 


where: 


l-I = emission index (Ibm pollutant/1000 Ibm fuel) 

t = time at engine mode (min) 

E|v| = net thrust (IbO 

Wp = fuel flow rate (Ibm/hr) 

and subscripts: 


i = emission category (CO. THC, NO^) 

j = engine mode (idle, approach, climb, SLTO) 

The net thrust and fuel flow engine data used to calculate the EPAP are presented in Table 
X, and were obtained from the latest JT9U-7A perfonnance table. 


TABU’ X 





Hnninc Mode 
Idle (iinbled) 

JT‘)I)-7A I'NCIINli 

rime (ti 
nil 11 . 

data I'OK I'Pai’ calculation 

Net Thrust (l'„) 

Ibf 

l-'uel L'low (Wj-) 
Ibm/hr 

26.0 

.1200 

1720 

Approacli 

4.0 

13845 

4650 

Climb 

2.2 

.39228 

13250 

SLTO 

0.7 

46150 

16100 

Substituting the 

engine data from Table XI equation (4) becomes. 



(5) WAI>i = O.I741-:i,j|„ + 0.07M;i„,,p,„,,,.,, + 0.1MW,|i,,,b + 0.0441i;isuTO 

Tl,e emission Indices nsed in eqnation (5) are obtained from plots at the 'T9D-7A ^ 
of combustor inlet terapetatiirc corresponding to the EPA power points (Table Vlll). 


3. COMBUSTOR PERFORMANCE CALCULATION PROCEDURE 
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IX'l’initioiis of those ciilculaleit parameters which rccpiire 


further clarification arc presented 


below. 


a. Total Combustor Airflow 

I he total coinbuslurairllow is tietermined by siibtractintt the turbine cotiling air and other 
tlxed bleed Hows from the Station 7 measured flow. 


b. Reference Velocity 

The reference velocity (Vref) is defined as that flow velocity that would result if tlie total 
combustor airnow, at the compressor discharge temperature and static pressure, were pjissed 
through the combustor liner at the maximum cross sectional area. This area is 0.21 8m tor 
the Vorbix combustoL tested in this program. 

c. Pattern Factor — 

The pattern factor (PF) at the combustor exit is defined by the expression below. 

"^tS max “ ^t5 avg 


(6) PF = 


hs avg • ' '^t4 


where: 


^tS max. 

Tt4 

^tS avg. 


Highest local temperature measured at the combustor exit plane 
(K) 

Measured combustor inlet temperature (K) 

Calculated from the measured combustor fuel/air ratio ami inlet 
conditions. 


d. Fuel/Air Ratio 

Both measured and carbon derived fuel/air ratios (f/a) have been calculated and recorded tor 
all test points run in this program. 'Ihe measured, or perlormunce tuel/air ratio, is the ratio 
of total fuel flow to total combustor airtlow. The pilot and main fuel/air ratios are deHned 
by multiplying the overall tuel/air ratio by the tractional pilot and main luel split, respectively. 
The carbon balance derived fuel/air ratio is determined by using gas sample data to determine 
the carbon balance of the exhaust gases. 
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e. Total Pressure Loss 


The tmal pressure loss(AiyPj) is calculated Imin the following c<|uation: 


(7) 


Al>t Pj5 1\4 

•\ ' >’t4 


wliere: 

P (5 = Average combustor exit total pressure 

Pj 4 = Average compressor discharge total pressure 

f. Combustion Efficiency 


The combustion elTiciency (ij^) is calculated on a deficit basis using the measured concentra- 
tions of carbon monoxide and total unburned hydrocarbons from the gas sample data. The 
calculation is based on the assumption that the total concentration of unburned liydrocarbons 
could be assigned the heating value of methane (CH 4 ). The equation is; 


( 8 ) 


= 100 - - 100 


{4343 X + 21500Y' 
18.4(10/’ 


where: 


X = measured carbon monoxide concentration in g/kg fuel 
Y = measured total unburned hydrocarbon concentration in gCM^/kg fuel. 


CHAPTER 111 


phase III RESULTS AND DISCUSSION 

A. INTRODUCTION 

This chaplcr contains the engine 

rcompilation of all data obtained during the program is presented in the appendices. 

B. TEST PROGRAM SUMMARY 

•I he m-asc m program accumnlatcl approximately 82 hours of engine testing. consistinB of 
program running hours is shown in Table XII. 

fuel/air ratios. 

C. EMISSION RESULTS 

Theprinuiryemphasisofrnee^^^^^^ 

emissions characteristics. Also to-main zone fuel split on both the levels of each 

emission sampling technique and prit ^ ' soccies These results were then analyzed 

emissions specie, and the possible trades performance to 

to calculate the aTsmoke immhcr results are presented in Section llICl ; 

SS" emtionx resmt, arc presented in Section 111C2; and the procedure used for op- 
timizing the pilot zone fuel/air ratio is discussed in Section 1I1C3. 

presented in Section I11C4. 

Results obtained with five different gas sampling techniques are discussed in Section IIK'5. 


1. EPAP AND SMOKE RESULTS 


The HPA parameters ( h PAPs) and smoke m.iniKTs obtained for the llnal Vorhix combustor 
eonfigurition (S27P.) using the optimum fuel Ilow split hetween tiie pi ot aiu mam 
are shown in Table XIII to,.ether with the eorrespoiuling program goals and the valms i 

the current J l‘)n-7A. 


I 


I ABU- XII 


ti;si i’R(k;kam summary 


Run 

Number 

Combustor 
Con lltm ration 

lest Hours 

lest Activity 

lA 

S251-; 

S 

Shakedown Teslint: 

II) 

S1SI-; 

d 

Steady Stale Perlormance and 1-missions 
Hat!! Aaiuisition 


S2rd-: 

1 1 

Steady Stale Performance atui I'lnissions 
Data Ac<|uisilion 

.) 

S27I- j 

I 

! 36 

1 

Steady Slate Perlormance and l-anissions 
Data Aetiuisilicm 

4 

S271-; 

1 

1 

Steady State Performance and l inissions 
l);ila Aetiuisilion With l-irsl-Slape Turliine 
Vane AR TS Insirumenlalion Removed 


S27I-: 

18 

Transient resting and Sea Level Starting 
With Tirsi-Siage 1 urbme Vane AR I S 
Instrumentation Removed 


Totui k; 


tabi.i: XIII 

i;PAi>ANn SMOKI-: Ri sui. is 


IP A I* 



Oxides 

Nitrogen 

( arbon 
Monoxide 

Total 
Unburned 
1 lydrocarbons 

Maximum 

Smoke 

Number 

i;CCP Phase 111 Coal 

3,0 

4.3 

0.8 

l<) 

Current J r')H-7A 

b..': 

10.4 

4.8 

4 

Phase HI ( otnbusior S27I-; 

2.7 

3.2 

0.2 

30 


Notes: l-PAP viihics Iniscil on pilot fuel/iiir r;itin ol ().0()7() ;it iippnuicli. elimb. uml sea level 
takeolt'. 

All emissions data are eorreeteil to staiulard J l‘i|) 7A eiipine conditions and miel 
liurnidity of p II iO/kp tiry air. 

J r*)l) 7A ilala based on ciirieni prodiiclion test results lot cnpitu- with viimlnisioi 

i;c 


I 

I 


f 

( 

i 


As shown, the Vorbix combustor met tlic goals for gaseous emissions for all three species. 
Oxides of nitrogen were 10 percent below the goal, carbon monoxide emissions were 26 per- 
cent below the goal, and total unburned liydrocarlron emissions were 75 percent below the 
goal. Relative to the .I l'bO-V combustor, oxides of nitrogen were reduced by 5X percent, 
carbon monoxide emissions were reduced by 66 percent, and total unburned hyilrocarbons 
were redueetl by 66 percent. 

The smoke emission goal was not achieved. Smoke levels were substantially above those for 
the current JT9D-7A combustor. 

2. EMISSION INDEX RESULTS 

The emissions data were analyzed to develop parametric curves relating the pilot zone fuel/air 
ratio to the emissions of each specie as a function of power setting, with the power setting 
defined in terms of the observed combustor inlet temperature. 

An interpolation procedure was devised which resulted in parametric curves of emissions 
versus combustor inlet temperature for various pilot /.one fuel/air ratios. The curves are shown 
in I-’igure 34. The initial step inthe procedure consisted of segregating the emissions data 
(corrected for pressure and humidity) by observed inlet temperature, and then plotting the 
data against the observed pilot zone fuel/air ratio. The emissions values corresponding to spe- 
cific pilot zone fuet/air ratios could then be determined from the curves, thereby removing 
variations in the observed pilot zone fucl/air resulting from variations in setting the test con- 
ditions or from the effects of ambient conditions. 

The curves show that smoke number readies a maximum value at the sea-level takeoff [uiwer 
setting and is insensitive to pilot zone fuel/air ratio at that condition. At lower power set- 
tings, smoke number exhibited a decrease with increasing pilot fuel/air ratio. 

The emissions of oxides of nitrogen showed a reverse trend with the emissions increasing 
with increasing pilot zone fuel/air ratio, but the sensitivity was relatively small. Oxides of 
nitrogen levels at all pilot zone fuel/air ratios were sufficiently l<iw to permit achievement 
of the program lil’Al’ goals. 

Total unburned hydrocarbon emissions were extremely low at the higher power settings, 
with the lowest values being obtainetl at the higher pilot zone fiiel.'air ratios Similai trends, 
at a somewhat higher level, were obtained for carbon tnonoxitie etnissions. 

At approach atul lower ptnver settings, similar trends were observal with pilot zone fuel 'air 
ratio. However, higher values of pilot fuel/air ratio were requireu to achieve acceptable 
levels ol carhoti monoxide and total uid>iirned hydrocarbon emissions and the sensitivity ol 
the emissions to pilot (uel/air ratio was somewhat greater. 
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3. SELECTION OF OPTIMUM FUEL FLOW SPLIT 


On the basis of the smoke data contained in l•ig^l^e 34, and analysis ol the exit lemperalurc 
distribution data, a pilot zone fuei/air ratio of 0.007 was selectal for the l.PAP calculation 
for the high power portion t)f the power spectrum Iroin apprmieh through sea level takeoff, 
Smoke levels at dim bout are lowest at 0.007. 

A pilot zone fuel/air ratio of 0.0095 was selected below approach down through the ilight 
idle power setting. This upward shift in pilot fuel/air ratio produced a reduction in carbon 
monoxide and total unburned hydrocarbons emissions, lixhaust smoke is not a concern be- 
low approach power. Below the flight idle power setting only the pilot zone is fueled. 


These selections result in two discontinuities in the pilot-to-main zone fuel split. The first 
of these, occurring immediately below the flight idle power setting, represents staging of 
the main zone. This discontinuity is unavoidable since a minimum step increase in fuel 
flow is ret|uired to ignite the main zone because of physical luci system constraints such as 
minimum metered fuel flow and manilold gravity head. It is signifleant, however, that the 
Vorbix combustor can be operated fully staged down to the flight idle power setting while 
maintaining a combustion efficiency level (in terms ot carbon monoxide and total unburned 
hydrocarbon emissions) com]>arable to or better than that ol the current production J I9I)'7A 
combustor. This capability eliminates the need for combustor staging and the associated sys- 
tem lag within the flight regime, which is important from both an engine operational and a 
flight safety standpoint. 


The second discontinuity, occurring immediately below the approach power setting, reflects 
the manner in which the parametric curves were prepared for analysis rather than a real en- 
gine requirement, fhe control system for the engine could provide a constantly varying pilot 
zone fuel/air ratio to eliminate the discontinuity. 

The selected fuel splits provide large reductions in the gaseous emissions of the V'orbix cotn- 
bustor relative to the emissions of the JT9D-7A production combustor. As shown in figure 
35, large reductions were achieved for emissions of oxides of nitrogen at the high power 
settings and emissions of total unburned hydrocarbons and carbon monoxide at low power 
settings. 
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4, PARAMETRIC VARIATION OF FUEL INJECTOR DENSITY 


'Phc effect of rotiiiciiig llic number of main xone fuel injectors from 60 to 30 was investiga- 
ted in ('onfigiiration S27lv by delivering fuel to only every other fuel injector. 'I'hc effect of 
this change is shown in I'abte XIV, 


The most significant effect of the reduction was a more tlian doubling of the smoke at climb 
conditions. This tncrea.se is believed to result from the locally fuel-rich mixture conditions 
produced. This conclusion is supported by the observation thiit smoke increased when the 
main /one fuel was increased (reduced pilot /one fuel/air ratio) at a lixed setting using 60 
injectors. 


Thirty main /one injectors also increased the emissions of carbon monoxide and total un- 
burned hydrocarbons, particularly at climb conditions, but the resulting levels still remained 
very low. The effect on the emissions of oxides of nitrogen was negligible. 


5. GAS SAMPLING TECHNIQUES 

Five gas sampling techniques were used to obtain the engine exhaust emissions data. An ad- 
ditional technique using a rake of the “diamond” design was also investigated in an adden- 
dum effort. The diamond rake and results obtained with it are described in reference 8. 

The techniques and their symbol designations are defined in Table XV. Detailed descriptions 
of the. rakes and the associated techniques are included in Chapter II and Appendix A. With 
the exception of the Station 7 engine pressure probes, all are variations of the basic eight- 
arm rake. 


In comparing the results obtained with the various techniques, the 24-pori, stationary 8-arm 
rake (24F) was used as the baseline since the majority of the experimental data were ac- 
quired in this manner. I'he comparisons were made by plotting the corrected emissions data 
obtained with each technique against the corrected emission value obtained with 24h at the 
same engine operating conditions. The resulting plots are shown in Figures 36, 37 and 38. 

As shown, the data obtained from the various rakes for emissions of oxides of nitrogen are 
in excellent agreement. For carbon monoxide emissions, 24F generally provided lower indi- 
cations than the other rakes by approximately 10 percent. The .averse samples showed best 
agreement with those obtained with 24F. The Station 7 probe (Rake ST7) produced the 
largest consistent deviation, averaging indications that were approximately 1 1.5 percent 
above those of the baseline rake. The total unburned hydrocarbon emission data comparison 
appear to indicate a large amount of data scatter. However, this scatter results in part fn)m 
inaccuracies associated with measurement of the very small concentrations of unburned hy- 
drocarbons produced by the Vorbix combustor. 

Smoke measurements made with the I 2- and 24-point fixed rakes (Kake.s 241- and I 21) were 
nearly identical. 


The conventional measure of gas sample validity is a comparison of the metered fuel/air 
ratio based on direct measurement of the engine fuel How and core airlluw with the calcula- 
ted fuel/air ratio based on the carbon balance of the exhaust gas specie coneentratioiis de- 
tected by the sampling probe. Data for this ctnnparisoii is presented in f igure 3‘) and shows 
that the gas sampling provided carbon balance fuel/air ratios that were within 5 percent of 
those obtained by direct measurement. The jnobes generally provided values that were 
slightly above those determined by direct fuel and air How measurement. Rake S'l 7 provided 
the greatest deviation. 


EFFECT OF MAIN ZONE FUEL INJECTOR DENSITY 
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CORRECTED EMISSION INDICES OBTAINED WITH 
ALTERNATE RAKES 
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figure JS Relative huHeatinm ofCas Sampling Rakes lor I hburnetl llvitrocarboi, I mhsions 


The effects of rake blockage was determined by analyzing the engine performance data 
obtained with and without the rake installed. This analysis detected no measurable effect 
on performance attributable to the rake installation used in the program. 



FUEL/AI R RATIO MEASURED AT STATION 7 


Figure 39 Comparison of Fuel/A ir Ratios Determined by Carbon Balance Method From Various 

Gas Sampling Probes and by Direct Measurement of Fuel Flow and Air Flow 


D. PERFORMANCE RESULTS 


1. ENGINE PERFORMANCE 

The overall operational specifications of the X-686 experimental engine was slightly deter- 
iorated from the current production JT9D-7A engine. The deterioration is due to the experi- 
mental nature of the engine as well as its usage in prior experimental and development pro- 
grams, rather than any lack of performance demonstrated by the vorbix combustor. The cor- 
rected thrust values for the test engine with a production first turbine vane assembly (Run 
No. 4) were approximately 1 to 2 percent lower than the current production engine levels at 
high power conditions. The key combustor operating conditions for both the test and pro- 
duction engines, presented in Figure 40, indicate that the Vorbix combustor operated very 
close to design at all engine operating conditions. 


A review uf the effects of tlic Fxperiiii ■i..ui Clean Combustor Program «-arm emissions rake 
on enpine performance indicates that tl. . blocfage caused by this rake had no measurable 
effect on engine match (effective primary noz/le area). 
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2. STEADY STATE COMBUSTOR PER FORMANCE 

al.ady discard, performance para- 
cxi. tanmemurrS^^ face, d,al 

for all tile configiiratioiis tested arc talinlatcd'm''tlic j '’“*^“™“"“ >’"“'"e<ers recorded 
areas of performance concern worn V «- Two other 

of both .'he combnCo““„e^e ^ and coking 

a. Pressure Drop 

Is sZ^ta the mbU° 'T'"' '’'““‘“I Tabic XVi. 

lineUosses were neariy dupilea.ed for .he Sm 

b. Combustion Efficiency 

The program goal of 99 percent was met hv thp \/r^r^i•w i 

efficiencies (tj^) tabulated in Table XVII were calculatedT^^''t!,°" 
of carbon monoxide and total hydrocarbons i k i • measured concentrations 

tion JT9D-7, idle efficiency was imnrove t Chapter 11. Compared to the produc- 

approximately equal. w n e approacii and high power efficiencies were 


TABLE XVI 

SUMMARY OF I'RESSURE LOSS l OR THE VORBIX 
C OMBUS roR A1 Sl.TO 


Pressurf Loss I' 


Confijturatioii 

Overall^ I ) 

II) Liner 

OP Liner 

(roal 

5.4 



Production JT9D-7 

5.4 

18 
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S27E Pile: Zone Fucl/Air 




Ratio 0.0051 

5.(1 

2.0 

1.9 

0.0064 

5.6 
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c. Exit Temperature Data 

Circumferential exit temperature patterns for the Vorbix combustor configuration S2731'. at 
sea level takeoff arc presented in Figure 41 for several pilot fucl/air ratios. 1 lie patterns arc 
similar and do not appear to be inlluenccd by symmetrical disturbances such as strut wakes 
or nozzle locations. The high temperature zone that appears in all three patterns near the 20 
degree location could not be traced to any abnormalities in combustor operation. 

Pattern factors obtained at sea level takeoff for Configuration S27E are shown ir i able 
XVlIl. Althougli pattern factors equal to or lower than current JT9D-7 production values 
were obtained, the program goal of 0.25 was not achieved. At the pilot zone fuel/air ratio of 
0,0070, selected as optimum foremissions and temperature distributions, the pattern tactor 
was approximately 0.4. A tendency toward lower pattern factors was observed as pilot fuel 
air ratio was increased from 0.005 1 to 0.0064. 

Combustor exit radial average temperature profiles at sea level takeoff arc presented in 
Figure 42 for vorbix configuration S27F at several pilot zone fucl/air ratios, vorbix configu- 
ration S26E and for the JT9D-7A production combustor. 

As shown in the figure, the average radial temperatures for S27H were lower at in id-span and 
higher near the OD wall than those for the production engine. Increasing the pilot fucl/air 
ratio lowered the temperatures near the OD wall while increasing temperatures along the ID 
wall. 

A comparison of radial profiles for Configurations S26E and S27H indicates the benefit of 
redistributing approximately four percent of the combustor airllow to the last three rows of 
the outer liner cooling holes. This modification was incorporated in S27F: to lower tempera- 
tures near the outer wall. As shown, it resulted in an approximate 60 K reduction in tempera 
ture at the high pilot fuel/air ratio. 

Reducing the number of main zone fuel injectors from 60 to 30 had a prolouml etiect on 
the radial profile. As shown in Figure 43, the peak in the radial profile at the climb out 
shifted from the outer wall to the inner wall when the number of injectors was reduced, 
showing the effect of a quadrupling in nozzle pressure drop without any modification to the 
combustor airllow distribution. 

d. Combustor Durability 

The Vorbix engine combustor was a derivative of the Phase II rig program, where it experi- 
enced only minor durability problems consisting of localized hot spots on the combustor 
liner. The cooling airllow level and the distribution were further icfined for the engine de- 
sign. Skin thermocouples were used to monitor those areas of the pilot and inner and tniter 
burner liners found in the Phase 11 program to be potentially troublesome. 
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TABLK XVIll 


SUMMARY OF PATFERN FACTOR FOR VORBIX 
COMBUSTOR AT SLTO 


Configuration 


Pattern Factor 
at SLTO 


Goal 

Production JT9D-7 


0.25 

0.45 


S27E Pilot Fuel/ Air 

Ratio 0.0051 0-47 

0.0064 0-41 

0.0080 0-42 


Based on ideal Tjj average temperature calculated from the measured fuel/air ratio and 
maximum measured local temperature. 
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e. Carboning 

AI(lioiii!li a iiitri);jon I'uiri’c sysli'tn u;is pro\idi-d lo iiivvi-nl cnki’ (umuiiion in itii- main /otu- 
fuel system under hot shutdown eondilions. carbon deposits proved to he a reocciiirine pr(jh 
lem on both tnain nozzle tips and tiiel nozzle supports, ihe most serious main nozzle coke 
Iniild-up oecurreil durinjj the I'iist enyine run wlicn the automatic puree failed to operate 
during several liot shutdowns due to control problems. How tests made following this rim 
revealed that several main luel nozzles and one nozzle support were cotn|detely pluggeil 
while numerous other fuel nozzles were j>artialiy restricted. On subsc(|uenl engine runs 
where Ihe purge was applied niaiuially follow iiig every slmtilowti. coking was reduced but 
still consiuereil set ions on the main nozzle tips aiul in I uel nozzle supiiorts, ( oke deposits 
on main nozzle tips and in some cases on the liner areas in the vicinitv ol the nozzles are 
shown in I'igure 4b. 

Less seriotis carbon bnild-tiiis wcic obscised on the pilot no//!- |;kcs and on tlu- inner Inici 
in line with the pilot tuel nozzK- location, probabh due to o\cr penetration oi lue| sptae, 
I'ypical carboning of tlii> area is visible in I iguiv 4.^. 
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3. TRANSIENT PERFORMANCE 


Accclorulion/decdcration engine tests were coiidtictecl I'roni ground idle and lliglu idle 
power settings to 95 percent rated takeoff fliriist, Approximately 40 successful snap accel- 
erations were made over a range of pilot-to-main zone fuel splits and staging points, laigine 
and combustor operation was monitored during all transients to (rrevent lurbine/comlnistor 
overtemperature or compressor surge or stall. Acceleration and deceleration times from 
giound and flight idle are listed in Appendix II and are discussed in this section. 


a. Ground Idle Accelerations 

A series of ground idle acceleration tests were performed to isolate the effects of fuel staging 
point and fuel schedule between the pilot and main zones. The accelerations were initiated 
with the main zone fuel nozzles unstaged and purged. Fuel was recirculated prior to initiat- 
ing the acceleration to ensure a full main zone manifold. 

The fuel staging point was varied from a fuel/air ratio just above ground idle (0.0105) to 
0.0126 without any significant effect on acceleration times. This is not surprising since, as 
shown in Figure 47, fuel/air ratio more than doubles and staging occurs instantaneously 
when the snap acceleration is initiated. This sudden increase in fuel flow is a tyjriiial pro- 
duction fuel control response to a snap acceleration. 


The fuel split between the pilot and main zones was also found to have no significant effect 
on acceleration times. As shown in Table XIX, varying the fuel split over the range of fuel 
splits that appear feasible from an emissions view point, produced only small random changes 
in acceleration times. 



figure 4 7 Typical f'ucllAir Ratio Response During Snap Acccleralion 
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TAm.l^ XIX 


(‘OMI’AKISON ni' A('ri;i.l KAri()N TIMI-.S I ROM (IKOUNI) IDU: 
UNSTACil-;i) T()95 l>l■K^■;NT•mRUS'l lOK VAKYIN(; IMl.OT/MAIN 
/ONI-; i‘iJi:i. s('iii-i)Ui.i-:s 



W|,- Pilot 
To.nl 

(%) 

Station 2 

Acceleration 

Idle 

At 

SFTQ 

Temperature 
LKI _ 

lime 

(.Sec.) 

100 


32 

285 

7.6 

100 


32 

285 

6.3 

100 


22 

285 

6.4 

100 


22 

285 

6.3 

100 


27 

285 

7.0 

100 


27 

285 

6.2 

100 


27 

285 

6.2 


b Flight Idle Acceleration Testing 

Acceleration tests from flight idle with the main zone fuel nozzles both staged and unstaged 
were investigated. As shown in l i-’iirc 48, the FAA requirements of accelerating from flight 
idle to 95 percent of rated takcofl thrust witliin 5.0 seconds was acliicved with the main 
zone fuel nozzles staged at the higher main zone fuel flows tested. At main zone fuel splits 
less than 10 percent as well as for the unstaged conditions, acceleration times increased 
above the 5.0 second level. This increase in acceleration time is attributed to the time re- 
quired to fill the manifold jumper tubes and nozzle passages. The lag caused by (he fill time 
is best seen by comparing the Station 6 (higli-pressure turbine discharge) thermocouple re- 
sponses during a snap acceleration for the unstaged and 35 percent staged main zone fuel 
conditions pre.sented in Figure 49. As shown in the figure, over one second is lost in filling 
the Jumper tubes and nozzles. 

Typical acceleration times for the JT9D-7 production engine are also included in Figure 48. 
As shown, the best times for the Vorbix combustor were slower than the production engine 
values by approximately 2.1 seconds. An investigation was conducted to determine the rea- 
son for the slower Vorbix acceleration times. 

The acceleration of the JT9D is controlled by an acceleration schedule in the hydromechani- 
cal control. A portion of the acceleration schedule is a function of the high power trim of 
the control. Post test checkout indicated the control was trimmed to a setting lower than 
that of production engines. The effect of the lower trim was analytically estimated to in- 
crease acceleration lime by approximately 0.8 seconds leaving 1.3 secotuls unexplained. 
Further testing of the engine using the same control setting as production engines would be 
required to establisli wlicther or not the slower acceleration times were totally due to the 
control trim. It was concluded, however, that with the production trim setting the engine 
would have demonstrated acceleration titnes which aciiieved the I AA five second level when 
operating with main zone fuel splits above 20 percent. 
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Figure 4fi Acceleration Times From Flight Idle to 95 Percent Rated Thrust for Various Initial Main 
Zone Fuel Splits 


c. Sea Level Start Testing 

Sea level starting eharacteristics of tiie JT9D engine with the l•■xpe^ilnent:^l Clean Combustor 
Program Vorbix combustor were determined in an abbreviated start program. The electronic 
control start schedule was varied to provide ditTcrent starting fuel/air ratios for the investiga- 
tion. Pressurization or initiation olTiiel flow to the manifold system was initiated at high 
rotor speeds (Nt) of 1400 and 1800 rpm. 

The occurrence of a liglit and the extent of llanie propagation was determined from tempera- 
ture data recorded from five thermocouples wliicli were located circumferentially at tlic dis- 
charge of the liigh-pressure turbine. Phe tliermocoiiples were located as follows: one near 
the top, one near tlie bollom. and the remaining tiiree e(]ually spaced between these extie 
mes to cover one Italf of the engine. The ilata from tlie live tliernmcouples were reconled on 
a l)rush recorder. 
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ACCELERATION FROM UNSTAGED FLIGHT IDLE 



Figure 49 Typical Station 6 ( High Fressure Turbine Discharge) Thermocouple Responses 
for Snap Accelerations From Flight Idle Unstaged and Staged 

The fuel-flow to burner-pressure ratios required for ignition of the Vorbix combustor and 
the current JT9D-7A combustor are shown in Figure 50 and indicate that the Vorbix com- 
bustor required approximately 60 percent higher fuel flows for successful lighting and llaine 
propagation. An analysis of a successful start was conducted to determine why high fucl/air 
ratios are required for starting the engine and why the engine does not stall at tlic high ratios. 
Figure 5! shows the five temperature traces from a successful start. It can be seen that a 
light occurs approximately eight seconds after pressurization, compared to less than four 
seconds for the Bill of Materials JT9D combustor. The slow propagation is probably the rea- 
son for a stall-free start at the nigh fuel/air ratios. In the Bill of Materials JT91) engine, the 
sudden light at the high fuel/air ratios causes the engine to stall. 


The B/M JT9D duplex nozzle operates at a much higlier fuel AF than the Vorbix simplex 
pilot nozzle at starting fuel flows. Attempts were made to improve the starting characteris- 
tics by closing the pilot nozzle solenoids to restrict the fuel flow to only 10 of the .10 pilot 
nozzles. This approach resulted in increased nozzle pressure drop resulting in an improvemenl 
in fuel atomization ..nd lighting, hut the flame propagation rate remained slow because of 
the increased spacing between the mizzles supplied with fuel. C orrection of this def iciency 
will require a higher pressure ilrop pilot fuel nozzle. 
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E. DEVELOPMENT STATUS 
1. COMBUSTOR EMISSIONS STATUS 

The Experimentai Clean Combustor Program (ECCP) Vorbix combustor met the program 
goals for CO, THC, anti NOj^ but exceeded the smoke goal by approximately 50 percent. 
These emissions were obtained for an “optimum'’ value of pilot fucl/air ratio, selected to 
minimize smoke it climbout and to provide the best exit temperature pattern factor/radial 
profile. 

Since the emissions at a given engine power level are dependent on pilot-main zone fuel split, 
some variations of the computed EPAP values arc possible by changing the selected \ allies of 
pilot luel/air ratio. 1 able XX presents other possible fucl/air ratio splits. Reducing pilot fuel/ 
air ratio at engine power levels above approach from 0.007 to 0.0046 results in negligible 
changes to gaseous pollutant or smoke levels. Reducing pilot fucl/air ratio at approach from 
0.007 to 0.0046, causes carbon monoxide to execcil the standaid, increases total imburned 
hydrocarbons to the standard value and reduces NOj, slightly. It thus appears that further re- 
ductions in gaseous pollutants and smoke are not achievable merely by varying fuel/air ratio 
split, but await more extensive vorbix combustor modification. 
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2. COMBUSTOR PERFORMANCE STATUS 

The performance status of the ECCP Vorbix combustor is summarized in Table XXI. Five 
categories have been identified as requiring normal development. This is taken to mean that 
acceptable performance is judged to be within reach following suitable development. These 

are discussed below; 


• Pattern Factor and Radial Profile 

Exit temperature pattern factor did not achieve the goal of 0.25. However, pattern fac- 
tors equal to or better than the current production combustor were achieved. The aver- 
age radial temperature profile is sliglitly too hot on the OD at the “optimum pilot 
fuel/air ratio of 0.0070. 


TABLE XXI 


EXPERIMENTAL CLF.AN COMBUSTOR PROORAM 
VORBIX CONFIGURATION S27E PERFORMANCE STATUS 


Currently 

Satisfies 

Requirements 


Normal Extensive 

Development Development 

Required Required 


Pressure Loss 

Exit Temperature Pattern Factor 

i:xit Temperature Radial Profile 

Idle Stability (Lean Blowout) 

Sea Level Starting 

Main Stage Ignition 

Altitude Relight 

Transient Acceleration 

Combustion Instability 

Carbon 

Liner Deposits 
Fuel Passage Coking 

Liner Durability (Overheating) 


X 

X 

X 

X 

(not evaluated) 

X 


X 


X 

X 


X 


X 
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Transient Acceleration 


While equalling the ECCP goal and satisfying the FAA Requirement when accelerated 
^om a fully staged fliglit idle condition, the Vorbix combustor/experimcntal engine 
X-686 was deficient compared to current production JT9D-7A engines Wlicn accele- 
rated fiom an unstaged (pilot only) flight idle condition, acceleration time was increased 
y over one second. Since the main zone manifold carried recirculating flow, this addi- 
tional time is the time required to fill the fuel injector supports and jumper tubes down- 
stream of the staging values. Additional development and possible fuel system redesign 
will be required to reduce the acceleration time to the production engine levels. 

Liner Carbon Deposits/Liner Durability 

The Vorbix combustor exhibited localized carbon deposition in the vicinity of the 
pilot and main fuel injectors, attributable to fuel entrainment in “dead” fiow regions 
and on the downstream portion of the pilot zone liners, attributable to fuel spray im- 
pingement. In addition, local liner overheating was observed at the ID throat louver and 
on the OD downstream of the main zone swirlers. With the exception of the fuel im- 
pingement, problems of this type arc treated by localized re-distribution of liner cool- 
mg/purge airflow. 


Two categories have been identified wliere extensive additional development work is 
rctiuired. In this context, extensive development may be synonymous with design 
change. 


Sea Level Starting 


The starting problem is a consequence of meeting pilot zone maximum fuel flow re- 
quirements with a simplex (single passage) pressure atomizing nozzle, l-uel pressure 
drop at the nominal starting fuel flow is very low providing poor atomization quality. 
When ^0 of the 30 pilot injectors were turned off to raise nozzle pressure drop, a pro- 
pagation problem took the place of the lighting problem. Correction of this deficiency 
will require fuel system design changes such as replacing the simplex nozzles with a du- 
plex design or increasing nozzle pressure drop at low flow conditions. 

Fuel Passage Coking 


Main zone fuel injector support and nozzle tip coking was observed due to overheating 
ol residual fuel loltowing shutdown of the main zone. Since the pilot and main zone 
injectors are axially separated, the main injectors do not benefit from the coolant ef- 
fects of the continuous pilot How. While the problem will be ameliorated somewhat b^■ 
running fully staged at all low-altitudc flight conditions, it will still exist at high altitude 
night idle descent where low fuel fiow will require that the main zone be shut down. 

The solution will probably retiuire exfernal cooling of the main zone fuel support and/or 
incorporation of an effective purge sysleni. 


Neither altitude engine operation nor altitude relight characteristics were investigated during 
the Phase III program. However, the difficulties encountered in sea-lcvcl starling and the 
Phase 11 altitude relight rig test results (Reference 4) would suggest that there are problems 
to solve in this area. Altitude relight and stability test results from the Phase II rig program 
suggest that modifications of the fuel nozzle toroidal deflectors could result in significant 
improvement in stability. 

In addition, no cyclic cndmance testing has been conducted on the Pliasc III combustor to 
assess the hardware long tenn durability. 

3. PRODUCTION ENGINE CONSIDERATIONS 

In addition to the development work required to achieve acceptable smoke and combustor 
performance, furtlier design work will be rcc|uired before the Vorbix combustor concejit can 
be used in a production engine application. While the combustor liner, fuel injectors and dif- 
fuscr/combustor case were designed to be of a flightworthy configuration, the external fuel 
system was of a strictly experimental design. The external fuel manifolds, electric solenoid 
valves and computer-controlled breadboard fuel management system were intended to pro- 
vide maximum llexibility. and ease of modification and servicing (timely procurement was 
also a factor). While the Phase III test program has shown that simplification is possible, the 
fuel system represents a very significant design and ilcvelopmcnt rc(|uiremeiit. 

Translation ot the external fuel system to a fiiglitworthy design would require use of doublc- 
wallod manilold construction for reasons of (Ire safety. Meeting this reriuircmeiit is made 
more difficult by the axial displacement of the two fuel manifolds and tlic relatively large 
number ot fuel sources. The electric solenoid valves would probably be replaced by iiydro- 
inechanical staging valves in a flightworthy design, and would be reduced to f!ie minimum 
number required to perform the staging function. 
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CHAPTER IV 


CONCLUDING REMARKS 

The results presented in this report, along with addendum reports, complete the NASA/ 

Pratt & Whitney Aircraft Experimental Clean Combustor Program. This major program has 
proceeded in three phases from concept screening through rig development to successful 
full-scale experimental engine tests of an advanced, low-emission combustor concept in the 
Pratt & Whitney Aircraft JT9D-7 engine. While exhaust smoke level and several performance 
items did not completely achieve the program goals, the CO, THC and emission goals 
were met and combustor performance was adequate for full-power engine demon.stration 
testing. Altitude performance and relight of the final Vorbix combustor configuration tested 
in the engine were not evaluated. 

Additional Vorbix combustor improvements in the areas of exit temperature distribution, 
transient acceleration, liner coke deposits, and liner overheating will be need to satisfy pro- 
duction engine requirements. These can probably be obtained through the normal develop- 
ment effort conducted for production incorporation of any new combustor. 

Problems with smoke emissions, sea level starting, and secondary fuel system coking will prob- 
ably require more extensive development. Because solutions may require significant modifi- 
cations to the Vorbix combustor design, they should be developed prior to the initiation of 
the normal development effort for production incorporation. 

The impact on gaseous emissions of modifications to the Vorbix combustor which may be 
required to resolve problems or to enhance its “practicality” cannot he predicted. Although 
future effort would strive to maintain the excellent gaseous emissions demonstrated in this 
Phase HI lixperimental (’lean Combustor Program, it may be necessary to define traile-offs 
between emissions and other requirements such as performance, durability, cost, weight, etc. 

The primary focus of (he lixperimental Clean Combu.stor Program was pollutant reduction 
within the JT90-7A envelope and operating conditions, with a concept that would be accept- 
able for eventual producllion use. Weight, complexity, associated hardware cost, and aircraft 
payload penalties were allowed to increase as necessary to achieve the primary goals. A bread- 
board fuel control system was used. If the Vorbix concept is selected for further develop- 
ment for a production application, attempts should be made to simplify the design, minimize 
weight and cost impact, and improve maintainability while simultaneously addressing the de- 
ficient performance, smoke, and life limiting areas. 
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APPENDIX A 



EQUIPMENT AND EXPERIMENTAL PROCEDURES 
1, EXPERIMENTAL ENGINE PERFORMANCE INSTRUMENTATION 
A. PARAMETERS MEASURED 

Table A- 1 list the engine paranielers measured and indicated measurement accuracy using 
fixed engine and test stand instrumentation. 

TABLI- A-l 


PARAMETERS MEASURED 


Parameter 

T-j T - Engine Inlet Temperature 
(iearbox Breather Pressure 
Gearbox Breather Temperature 
N j - Low Rotor Speed 
Nt - High Rotor Speed 
E'[,^j - Engine Thrust 

P-j T - Engine Inlet I'olal Pressure 

P'l'T - I- an Discharge I otal Pressure 

Pj-y - lingine I'xit Total Pressure 

T-j'^, - High Turbine I'Jischarge Temperature 

Tjy - Engine I'xit Total Temperature 

Pj^^ - Burner Pressure 

Wj - Total l-ngine Euel l low 


Measurement Accuracy 

± 0.5UK (H-) 

± 34.47 Him- (0.005 psi) 

± MK (2°E) 

± o.r; 

+ 0.E7 

+ 0.5'{ above 1 1 1.200 N (25.000 lb) 
± E5'’.; below 11 1.200 N (25.000 lb) 
1 137.00 N/m“ (0.02 psi) 

± 344.74 Him- (0.05 psi) 

± 137.00 N/ni- (0.02 psi) 

+ 3.80K (7°E ) 

± 2.78K (5°E) 

+ 10342.13 Him- (1.5 psi) 


± 0.7.V; 

1 liese dala are used to compute overall engine perTorinance v haracterislies. I he pilot and 
main fuel Hows and a redundant measurement oT total Tuel flow are obtained Trom the hreat' 
board electronic Tuel control instrumentation. Redundant measurement oT other sek\ led 
engine parameters was also possible using the Tuel control instnnnentation. I he key comlnts- 
tor operating conditions (or the J ro|)-7A production engine are shown in i igiire A-l. 


B. ENGINE PERFORMANCE DATA CORRECTION 

I lie observed engine perlormaiKc data are corrected .is lollows 


COMBUSTOR INLET PRESSURE ATM 


CC 0 022 


D 

u - 0.018 

QC 

O 

^ 0.016 

3 

m 

§ 0.014 

o 




1 





C'orrcclecI Observed Thrust 

^ N Oils Observed Thrust 


h2 


• Corrected Net Tlirust 


*t2 


^■'n obs ^ ’’n 
— + — — 


h2 


^t2 


’t2 corr 


Observed inlet pressure 

: where o,-) = 

Standard day inlet pressure 


A\ 


N 




= Correction from Figure A-2 


t2 


• C'orreeted l uei Flow 


Wr,., 


W'r observcti 


f eorr 


^t’’ ^ (temperature correction) x (humily correction) 


• Corrected Thrust Specific T'uel Consumption 


I S I f /v^rri'r'ti' 


Corrected T'uel Mow 


corrected Corrected Net Thrust 

• Corrected Rotor Spccil 

Observed Rotor Speed 


^corrected 


v/TT 


12 


Observed inlet temperature 

svhere 

Standard day temperature 

C. DIFFUSER/C0M8UST0R INSTRUMENTATION 

i’ressurc atui temperature iiistrumentatioi installed on the Vnrbix combustm liners and dif 
(user case passages is Mimmari/ed in T'jguie A-3. I \ pica! total piessmc and Icint'ciatmv 
probes installed at (he compressor discharge pi me (Station 40) arc show n in Tigiire A-4. 


SO 




CORRECTION TO BE ADDED: ^ {F./6T J 
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TEMPERATURE PROBES TEMPERATURE PROBES 


2. GAS SAMPi-ING AND ANALYSIS EQUIPMENT 


A. EXHAUST RAKE SYSTEM 

I ho priiHiiiy mcatis ol (.•xIkiusI t>;is sample aaiiiisitioii was a rake assemWy having eiglu radial 
arms spaeed al 45 degree intervals. Tins rake was designed for inslallalion behind the cyliii- 
diical expeiimental (boiler plate) tuilpi])e to lie used in the engine tests, I hree sampling ports, 
located at the centers of equal areas, were provided on each radial arm. 'Mi .• rake const ruc- 
tion followed that of earlier rakes designed at Pratt & Whitney Aircraft, ( onstrnetion details 
of the eight-arm rake are shown in Figure A-5, I'he sample ports svere connected in such a 
way that all 24 ports could be manifolded together or in two .sets of 1 2 each. I his latter 
arrangement Emulated two 90 degree cruciform rakes positioned 45 degrees apart. 

The eight-arm rake was mounted in a traverse stand which allowed rotation about the rake 
axis in increments of five degrees for a total rotation of -15 degrees. Figure A-6 shows the 
rake and traverse stand mounted in the P-b engine test cell. The rake sample ports lie in a 
plane 0.36 m (14 inches) downstream of the engine exhaust no/./.le exit plane. 

Commereiaily available, electrically-heated reflon gas sample lines were used to connect the 
discharge of the sampling rake to the inlet of the mobile gas analysis laboratory. Sample j’.as 
temperature was maintained at 450 ± 28K (350 ± 50°F). 

B. MOBILE GAS ANALYSIS LABORATORY 

Ihe Pratt & Whitney Aircraft gas temperature and combustion e'llciency ((!'! &('!•;) mobile 
laboratory (Idgure A-7) is a specially designed vehicle capable of measuring gaseous com- 
bustion exhaust products. I'h rough the use of a telephone link to the centralized Sigma 8 
data reduction computer sy.stem, measured constituent concentrations can be converted to 
real lime, on-line computations of emission index. ct)mlnislion efficiency, and combustion 
exit temperature. I'he results of these computer calculations, together with the raw data, 
liie measurement uncertainties, and data validity checks are ilisplayed on an interactive scope 
in the (M&C I: mobile laboratory. 1 he (i 1&('I: mobile lalioratory is completely self-contained 
with the exception of (he data reduction computer, and incorporates the latest on-line gas 
analysis instrument for the mea.suremenl of carbon dioxide, carbon monoxide, nitrogen, oxy- 
gen, hydrogen, oxides ol nitrogen, total unburned hydrocarI>on. and water vapor. An interior 
view of tile mobile van is shown in Figure A-8 Individual analyzer specifications are summarized 
in fable A-ll, 
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TABU' A-11 

ANALYZKR SPI-CIFIC'ATIONS 


0. 0-10% V 

0-25% V 

N. 0-90% 

,4 0 - 1 % 

0-5% 

O 2 0-25^ 

CO 0-100 ppmv 

0-500 ppmv 
0-2500 ppmv 
0-2500 ppmv 

CO., 0-2% V 

^ 0-5% V 

THC 0-1 ppmv 

(As Metlmne) Tlirougli 0-SOK ppmv 

NO 0-2.5,0-10-6.25,0-100 

0-250 - 0 - 1000 
0-2500 
0-10000 

H2O -45°C.+60'’C 

CL - Chemiluminescence Nt 


Direction 

Mctliod 

Minimum 

Detectability 

Ihror 

%. Full Scale 


Amperomctric 

0.25% V 

± 1 .0% 


Gas Chromatograph 
Gas Chromatograph 

0.1% V 
0.1% V 

- 

1 

Gas Chromatograph 

0.1%. V 

- 


NDIR 

2 ppmv 

± 2.m 
± 1 m 
± i.a; 
± 1 .0% 


NDIR 

0.04% V 
0.25% V 

± 1 .0%. 
± 


HID 

0.1 ppmv 

± 5.0%. 

+ 1 .0% 


CL 

0.1 ppmv 

± 0.5% 

1 

1 

■; 

CMUy 

0.06’C 

± 0.4°C 


. Noii-Dispcrsive Infrared NDUV 

- Chilled Mirror Hygrometer 

Non-Dispersive 

Ultraviolet 
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rile Ci l&( I-. niobik’ biboralory ulili/.os :i hciilod stninlcss stool inotal hollows sattipio ]Hiiiip 
to draw a sampio of llio Jot otigino ooinlnistion products ituo ilio sample moasiiromont train. 
Anotlior larger vaciiiiiiHypo bypass pump is also incorporaloii into tlio sampling system to 
minimi/o (ho losidonco limo oi !hi‘ sampio iti ilto sample lino. I lie ongino o.shaust gas sampio 
is distributed to the various instrumoiits, with each instrumont having its own How motoring 
system. I'ho sample handling system is shown schomatioally in I'igiiro A-‘). I'ho outputs 
from those instrumoiits are rocordoil and monitored continuously on strip chart recorders. 

I'he analyzer outputs are also digitized and, on command, are sent via a toiophono line to a 
Sigma 8 computer aiul/or rocortioil on a cassctto-tyi^o magnetic tape recording system. I ho 
magnetic tape is compatible with the IHM'.UiO cijmiHitor which is used for off'lino special 
data reduction and validation programs. 

Hack instrument is provided with “sample” and “calibration" operating modes. I'he (i'l &C’l-: 
mobile laboratory carries its own calibration, zero and span gases. In support of this mobile 
laboratory, an in-house analytical laboratory develops calibration gases and maintains stan- 
dard reference gases which, in most cases, are traceable to the National Bureau of .Standards 
(NBS). 

C. SMOKE MEASUREMENT CONSOLE 

kngine exhaust smoke measurements were obtained using a smoke measuring system that con- 
lorms to specifications of the Society of Automotive Ihigineers Aerospace Kecominendeii 
Practice I I7‘)and the l-nvironmental Protection zSgency j Reference 1 |. 

I he smoke measuring console, shown in I'gure A-IO.is a semiautomatic electromechanical 
device which incor)>orates a number of teatures to permit the recording of smoke data with 
precision and relative ea.se of operation. The smoke console was installed in the engine test 
cell control room lor the duration of the test program. Dimensions of the filter holder and 
a schematic of the sampling system are shown in I'igure A-10, The filter holder has been 
constructed with a 2..S4 cm ( 1 .0 inch) diameter spot size, a diffusion angle 0 of 7.25^ degrees 
and a converging angle a of 27..'! degrees. 

The unit is designed to minimize variability resulting from operator to operator differences. 
One ol these leatures is a time ciuitrolled, solenoid activated main sampling valve (Valve A, 

See I iguie A-tnh.iving closed , sample .and “bypass * positions Ibis conliguralion per- 
mits clo.se control ol the sample size over relatively short sample limes. In adililion, this 
timing system operate:; a bypass .system around a [losjiive displaivnieiil vtiluiue measuiement 
meter to eiisure that the meter is in the circuit only when a sample is iieiiig collected or dtii - 
ing the leak check mode, ' )lherilcsign leatures include automatic temperature control lor 
the sample line amt litter holder, ami silicon nilibei filler holders with support screens for 
ease of filler handling. 

A Photovoll Model (>7() iclleclion meter with a type-'i’ search imil conlorming to A.SA Pit 
2.17-ld.S8 “Standaul lor Dilluser Kelleclion Density" is used In determine the reneciaiice 
ol clean atui staincil lilleis. A set of llunler I aboraloiA icllccl.mce plaiiues, luaeabk to 
the National Bureau of Staud.uils. is used to calibrate the lelleclance mete!. A computer pro- 
gram is i.sed to calculate the gas sample weight per unit filler area ami smoke iiumbei. 
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Figure A-9 Exhaust Gas Sample Handling System 
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h'igure A- 1 1 Details ofSAEfDPA Smoke Meter Construction 





3. P-6 TEST FACILITY 


A. FACILITY DESCRIPTION 

Tlic l’-() li'Sl sUiiul, OIK.' ol'i.’i{!lil miiiiii'iil indoor evils located at the 1‘iall & Wliiliicy 
Aircraft production facility in Midillctown. Connecticut, lias lieeii litteil with tlie miditiimal 
instruniontation and data handling capaliility reiiuired for aiiloinatic temperature recording 
system (AK I'S) ami low-emission combustor development (irograms, |he lacility is etpiipped 
with a monorail engine handling system to facilitate movement of the engine into and out ol 
the test eell. A schematic view of the lest cell layout is shown in I'igure A-12. l-igureA-l.^ 
shows a front view of a J l engine with inlet hellmouth and screen mounted in the test 
eell. All engine controls, data logging, and computer face equipment are located in the test 
cell control room. A view of the control console is shown in I'igure A- 14. 'I'he breadboard 
fuel control computer and peripheral equipment were also installed in the test stand control 
room. I he mobile emissions laboratory was parked outside and to the rear ol the test cell 
while testing was in progress. 

A multiple quick di.sconnect Instrumentation Connection Assembly (ICA) has been incor- 
porated into the facility to reduce the connection lime when installing an engine into the 
test cell. Half of the ICA unit stays in the cell and remains connected to the test stand data 
acquisition and readout system. I he othei' hall is installed on the engine mount Irame ami 
instrument lines are connected to the engine during the preparation operation in (he marshal- 
ling area outside the celt. 

A flight-type nacelle is not normally employed for either experimental or production .1 I dl) 
engine testing. A cylimlrical core engine exhaust no/;/le is used in i>lace of the plug-type flight 
design. A pair of bif urcated fan ilucls are useil in place ol (be annular Ian duct. I he Ian 
am! core no/./.le areas are sized to proviiie aeroilynamic characteristics equivalent to the flight 
nacelles. I'he bifurcated fan ducts facilitate installation of special instrumentation and test 
hardware, and are readily removed lor access to the core engine. 

I'igure A-15 shows (he X-bXf> engine being moved into tlie le;;t cell on the monorail carrier 
for a fuel system leak check prior to starting Ihc Phase III Vorbix combustor test program. 

I he leak check is conducted at engine idle power with the fan ducts off. Details of the engine 
mounting frame, cjuick disct)nnect instrumentation couplings, ami cylindrical core engine 
tailpipe are visible. I lie engine is shown with the bifurcated fan ducts installeil in l igure A-Ib. 

B. DATA ACQUISITION SYSTEMS 

The P-b engine test stami is eiiuipiu-d with (wo separate ami conqilele data systems. All 
basic engine performance luiraineteis are determined using the Automatic Pioduction I est 
Data Acciuisition and ronirol System (API'DAO which is available to all production test 
cells, rite 2104 Data Actpiisition System ( A DAP I S» was designed to snpi'ort AR I S com- 
bustor development programs, and is available only in the P-(i test stand at Ihe Middletown 
Pest I'acility. 
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All aspocls ol priComiana- evaluation - instrumentation hookup, calibration data 
perrormance analysis, data display, and control have been streamlined by the Al 1 DA( 
System AlTDAC' is an integrated system ol sensors, signal conditioning ecjiiipmeni, engine 
conirul consoles, digital computers, and cathode-ray tube display devices designed to per- 
rorm all operating lunclions automatically. I•igure A-17 presents an overview ot the system 
t'unclions. 

riie AP I DAC system is cai>able of lc.,lir.g eiglU engines simultaneously the I'acilily has 
lour compiUets and each computer can handle two test cells, iiaeh computer is linked to 
sensing devices in the engine by way of automatic data equipment. Pneumatic and electric 
iransducers measure some 80 ditTcrent engine operating parameters and relay quantitative 
data to tlie computer. 

Whether measuring the operating conditions of one or two engines, the assigned AP 1 DAC 
.system computer performs the following acquisition, analysis, and recording tasks: 

• Converts the transducer output signals to engineering units 

• Corrects the data to stamlard conditions 

• Computes the performance data needed to dolermino compliance with engine 
specifications 

• Compares selected parameters against established limits and activates an alarm il 
limits arc exceeded 


• Displays the data to the operator on a cathode-ray lube 

• Provides priiil-oul of the acquired and computed data, on command. 

f-igurc A-18 depicts the How of data in the system. The AP'I'DAC system is able to sean 
each variable K) limes, average readings, compute comidcle engine performance, and print 
out the re.sults within I -*! seconds. 

Major features built into the comp uteri zed engine lest system include the eapability to con- 
duct tests ill either automatic or operator mode, a dynamic update system winch allows 
program elianges while running, a debug package, eapability for aborting an engine run while 
in automatic moile when harmful conditions arc sensed, and an error message which indicates 
possibly invalid data. 

rile 2104 ADAP TS system has the capacity to record up to 1000 millivolt ininitsand .^84 
pressure inputs on live 200 channel scanners and eight 48 port scanning valves. Dp to 400 
l ype It. 500 Type S. and 00 Type K thermocouples, plus two engine speeds, two tuei Hows, 
and -too iMcssiirc parameters can be recorded Tor any given engine. The remainder <>) the 
inputs are used as coufideiice and refereiicc channels to monitor system accuracy. 
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riK’ ihitii sysloin lias lu-cii designs) willi tjuick cliscomiccl proisiuv I'itlings and electrical 
conneclors to enliance the (|iiick mount capaliilily of the test stand, Tiiis provision allows 
tlie engine to he inslalleit and connecteii to the data .system in less than two hours. Special 
fealures oi' the data recoiding system include; 

• Channel delete capahility 

• Three wire guarded system 

• OHMS diecking capability for thermocouple contimiily 

• Variable start and eiul point .scan selection 

• Manual clumnel monitoring 

C. DATA REDUCTION AND LOGGING SYSTEM 

riie data reduction and logging fuction tor the basic engine performance information is per- 
formed by the Al’TDAC system. All other data, including ARTS thermocouple readings, 
comlnistor/dilTuser pressure and temperature measurements, and engine emissions data are 
processed by an on-line Sigma S computer locateil in 1-ast Hartford, Connecticut. I lie data 
acquisition units tramsmil the data by telep'ione line to the Sigma S computer. Approxi- 
mately 4.^ seconds after ac(|uisition. ]>rocessed information is displayed on an alidiaiuimeric 
character .scope in tlie test slaiul control room, I he user can .select any one of several scope 
picture (pages) displaying data in engineering units. In addition, the user can view calculated 
performance parameters based on input liata including air How, Mach numbers, and ideal 
combustor exit teinperaUire. I his real time display of results allows precise matching of 
test conditions to lest program parameters and immediate assessment of the (|uality of Ihe 
data. 

liditing of the data can be performed via a delete system. Hard coihes of all raw data and 
performance parameters are availalde at the .Sigma 8 computer room in l;as| Hartford as (he 
test is conducleil. In addition to hard copies and sco|ie output, (he data is recorded aiul 
available in other formats. 

Raw data is recorded on magnetic tape at Ihe lest stand and is available for input to an off- 
line data reduction computer program for additional processing. Data can be aeapiired on 
lliis magnetic tape unit with or without Ihe Sigman S computer being on-line. At the option 
of the user, raw data can be printed in tabular form on a paper tape printer in Ihe lest stand 
control room. I he user can alsrr proiluce punch canls at l ast Hartford. All raw data receised 
by the Sigma 8 computer is redundantly recorded on magnetic tape at l ast Hal I ford. 

In order to minimi/e Ihe number of eulr\ ports to the Sigma 8 computer oceu]>ied by I’ (> 
lest slaiul. special c(|uipmenl has been mslallerl .it Ihe !’■(> test stand to permit the lO l 
Al )AI* I S in the lest staiid eonirol room and (he tlala logging svsiein in the Has 1 empei alure 
and roinbustioii MfieiencN (til A ( I ) mobile laboratory to lime-share llie lelephoiie link 
to (he .Sigma 8. I’riorily lor (ransiuissioii of data remains with Ihe ' lO I Al ).\l’ I .S. 1 ipon 
command from an operator in ihe I’ (i conirid room, a special eleetionie switch enabi (l;e 
mobile labor. I lory lo (ransmil data upon complelion ol an 2 I (M Al )AI’ I S liaiiMnissuin. \S hen 
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tlio SigiiKi s ivevivcs tlio ciulcil sinual IVom llu- mobile bibonitoiy, il |■allla’s the d:it:i :iml 
.veforms the eiilcuhitiotts in iieeorilance witii instnielions in the Mobile l.alioratory lor 
limissum Analysis (MOl.i:) pioniam. The results of the ealeulalions are Iransmilted hack to 
an interaetivO scope in tlie molrile laboratory. 

■I'he mobile laboratory operator selects one oniirce calculation pages to be displayed : an 
emission data reduction page, a data validation page, and an instrument calibration page. 

The imonnation displayed when the emission data reduction page is selceicd includes, 
fixed identification data, emission concentration, emission index (I- 1) bn eac.i constitneii . 
measured 2 sigma variation of the emission data, carbon basis luel/air ratio, measuieii lue 
How, calculated air How. and calculated combustor exit temperature. 


1 0.1 


I 


appendix b 


EMISSIONS AND PERFORMANCE DATA 

The lollowinn tables present tlie cielaileci emissions aiui perforimmee data obtained dining 
the program, l-missions data were obtained using live dilTerenl gas sampling tedmiiiues as 
described in Cliapter II and Appendix A. The gas sampling rakes used and their syinnol 
designations used on the data tables are presented below: 

Description 

24-Port. 8-Arm, Radial Array, Fixed 

24-Port, 8-Arm, Radial Array, Traversed over 45 Degrees in 5-Degiee 
Increments 

1 2-Port, 4-Arm, C'ruciform Oriented Vertical and Horizontal. Fixed 

1 2-Port, 4-Arm, C’rucilorm 45 Degrees from Vertical and 
Horizontal. Fixed 

Station 7 Pressure I’robc With 8 Radial Pressure Taps 


.Symbol 
24 1- 
24T 

12S 

i2f: 

S17 
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